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1.	
  Organic-­‐Inorganic	
  Hybrid	
  Materials	
  
	
  

Organic-­‐inorganic	
   hybrid	
   materials	
   are	
   one	
   of	
   the	
   outstanding	
   fields	
   in	
   material	
   science.	
  

These	
  materials	
   can	
   simply	
   be	
   defined	
   as	
   a	
   composition	
   of	
   organic	
   and	
   inorganic	
   parts	
   in	
  

which	
  the	
  mechanical,	
  the	
  thermal	
  or	
  the	
  structural	
  stabilities	
  are	
  provided	
  by	
  the	
  inorganic	
  	
  

whereas	
   the	
   functionality	
   of	
   the	
   material	
   is	
   provided	
   by	
   the	
   organic	
   constituents.1	
   The	
  

history	
   of	
   these	
   materials	
   goes	
   back	
   to	
   1950s	
   with	
   the	
   manufacturing	
   of	
   commercial	
  

inorganic-­‐organic	
  polymers.2	
  Although	
  the	
  first	
  studies	
  on	
  hybrid	
  materials	
  reach	
  back	
  for	
  a	
  

quite	
  long	
  time,	
  the	
  most	
  promising	
  time	
  for	
  them	
  started	
  in	
  the	
  1990s	
  with	
  the	
  discovery	
  of	
  

the	
  two	
  new	
  classes:	
  periodically	
  formed	
  mesoporous	
  materials	
  synthesized	
  by	
  applying	
  the	
  

sol-­‐gel	
  method	
  in	
  the	
  presence	
  of	
  templating	
  molecules	
  3-­‐5	
  and	
  Metal	
  Organic	
  Frameworks	
  

(MOFs)	
   6,7	
   which	
   can	
   be	
   defined	
   as	
   hybrid	
   coordination	
   polymers.8	
   Nowadays,	
   these	
  

advanced	
  materials	
  attract	
  lots	
  of	
  interest	
  due	
  to	
  their	
  possible	
  applications	
  arising	
  from	
  new	
  

demands.	
  

	
  

Such	
   hybrids	
   can	
   be	
   either	
   homogeneous	
   or	
   heterogeneous,	
   whereby	
   the	
   homogeneity	
  

originates	
   from	
   the	
   monomers	
   and	
   miscible	
   organic-­‐inorganic	
   components	
   and	
   the	
  

heterogeneity	
   arises	
   from	
   the	
   components	
   which	
   have	
   dimensions	
   between	
   a	
   few	
  

angstroms	
   and	
   some	
   nanometers.9-­‐11	
   According	
   to	
   their	
   origin,	
   organic-­‐inorganic	
   hybrid	
  

materials	
  are	
  divided	
  into	
  two	
  classes.12	
  Class	
  I	
  covers	
  the	
  organic	
  and	
  inorganic	
  compounds	
  

which	
  are	
  encapsulated	
  and	
  their	
   interactions	
  are	
  based	
  on	
  weak	
  bonds	
  such	
  as	
  hydrogen	
  

bondings,	
  van	
  der	
  Waals	
  forces	
  or	
  ionic	
  bonds.	
  In	
  Class	
  II	
  hybrids;	
  linking	
  of	
  the	
  components	
  

is	
   afforded	
   by	
   strong	
   chemical	
   bonds	
   like	
   covalent	
   or	
   iono-­‐covalent	
   bonds.13,14	
   However,	
  

some	
  class	
  II	
  materials	
  may	
  also	
  reveal	
  weak	
  bonding.13	
  

	
  

The	
  inorganic	
  parts	
  of	
  the	
  hybrid	
  materials	
  mainly	
  consist	
  of	
  metal-­‐oxo	
  polymers	
  and	
  metal	
  

oxides	
  and	
  they	
  are	
  obtained	
  by	
  condensing	
  metal	
  organic	
  precursors	
  or	
  metal	
  salts.	
  These	
  

reactions	
   are	
  defined	
   as	
   sol-­‐gel	
   polymerization	
   reactions	
   and	
   can	
  occur	
  hydrolytic	
   or	
   non-­‐

hydrolytic.8	
   In	
  a	
  hydrolytic	
  sol-­‐gel	
   reaction,	
  metal–oxo	
  oligomers	
  and	
  polymers	
  are	
   formed	
  

by	
  hydrolysis	
  and	
  polycondensation	
  via	
  M–O–M	
  and/or	
  M–OH–M	
  bridges,	
  whereas	
  in	
  a	
  non-­‐

hydrolytic	
   sol-­‐gel	
   process,	
   condensation	
   of	
   halide	
   and	
   alkoxide	
   groups,10	
   thermal	
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decomposition	
  of	
  metal	
  alkoxides	
  15-­‐	
  19	
  or	
  reactions	
  of	
  carbonyl	
  compounds	
  and	
  metal	
  oxides	
  
20	
  lead	
  to	
  the	
  formation	
  of	
  the	
  	
  M–O–M	
  bridges.	
  Using	
  sol-­‐gel	
  process,	
  it	
  is	
  possible	
  to	
  obtain	
  

known	
  materials,	
   but	
   also	
  materials	
  with	
  novel	
   compositions	
   and	
  properties.	
  Moreover,	
   it	
  

makes	
  the	
  idea	
  of	
  designing	
  inorganic	
  materials	
  possible.12,13,21-­‐29	
  

	
  

With	
   the	
  usage	
  of	
   network	
  modifiers,	
   the	
  organic	
   units	
   can	
  be	
  brought	
   into	
   the	
   inorganic	
  

networks.30,31	
  Principally,	
   two	
  procedures	
  are	
   followed	
  for	
   the	
  applications	
  of	
  modifiers.	
   In	
  

the	
   first	
  method,	
   already	
   synthesized	
  macromonomers	
   are	
   chemically	
   grafted	
   or	
   they	
   are	
  

introduced	
   through	
   an	
   inorganic	
   network	
   which	
   is	
   forming	
   in	
   a	
   solvent.	
   In	
   the	
   second	
  

method,	
  modifiers	
   can	
  be	
  obtained	
   in	
   situ.	
   The	
  methods	
   given	
   in	
   the	
   literature	
   for	
   in	
   situ	
  

formation	
   are	
   photo	
   or	
   thermally	
   induced	
   polyadditions	
   using	
   a	
   radical	
   initiator,	
   atomic	
  

transfer	
   radical	
   polymerization,	
   polycondensation	
   and	
   chemically	
   or	
   electrochemically	
  

supported	
  oxidative	
  polymerization.8	
  	
  

	
  

The	
  special	
  properties	
  of	
  hybrid	
  materials	
  combining	
  the	
  physical	
  and	
  the	
  chemical	
  features	
  

of	
   both	
   inorganic	
   and	
   organic	
   compounds	
   provide	
   lots	
   of	
   applications	
   in	
   various	
   fields.	
   A	
  

study	
  by	
  Sanchez	
  et	
  al.	
  summarizes	
  the	
  generation	
  of	
  hybrid	
  materials	
  and	
  the	
  possibilities	
  

offered	
  by	
  them	
  via	
  three	
  routes	
  (Figure	
  1.1):	
  Route	
  A	
  represents	
  sol-­‐gel	
  chemistry,	
  bridged	
  

and	
  polyfunctional	
  precursors	
  and	
  hydrothermal	
  synthesis,	
  Route	
  B	
  shows	
  the	
  hybridization	
  

of	
   nanobuilding	
  blocks	
   and	
  Route	
  C	
   reveals	
   the	
   self	
   assembly	
   of	
   amphiphilic	
  molecules	
   or	
  

polymers	
  coupled	
  with	
  sol–gel	
  polymerisation.32	
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Figure	
   1.1	
   Schematic	
   representation	
   of	
   the	
   generation	
   of	
   hybrid	
   materials	
   and	
   the	
  
possibilities	
  offered	
  by	
  them.32	
  

	
  
	
  

In	
   this	
   study,	
   two	
   outstanding	
   subgroups	
   of	
   organic-­‐inorganic	
   hybrid	
   materials	
   are	
  

presented.	
   The	
   first	
   part	
   covers	
   the	
  design,	
   synthesis,	
   characterization	
   and	
   applications	
  of	
  

nine	
   novel	
  Metal	
   Organic	
   Frameworks.	
   In	
   the	
   second	
   part,	
   surface	
  modification	
   of	
   metal	
  

oxides	
  ZrO2,	
  TiO2	
  and	
  Al2O3	
  using	
  phosphonate	
  derivates	
  is	
  reported.	
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2.	
  Metal	
  Organic	
  Frameworks	
  
	
  

Metal	
  Organic	
  Frameworks	
  (MOFs)	
  are	
  one	
  of	
  the	
  unique	
  groups	
  of	
  coordination	
  polymers	
  

which	
  are	
   formed	
  by	
   the	
  coordination	
  of	
  metal	
   centers	
   to	
  multidentate	
  organic	
  molecules	
  

that	
   results	
   in	
   a	
   three	
   dimensional	
   network	
   (Figure	
   2.1).33	
   Although	
   these	
  materials	
   took	
  

interest	
  mainly	
   in	
  1990s,	
   in	
  reality	
  their	
  history	
  goes	
  back	
  to	
  1950s.	
   	
  For	
   instance,	
   in	
  1959,	
  

Kinoshita	
  et	
  al.	
  reported	
  a	
  three	
  dimensional	
  network	
  built	
  by	
  the	
  transition	
  metal	
  complex	
  

[Cu(adiponitrile)2]	
   and	
   nitrate	
   ions.34	
   There	
   were	
   also	
   other	
   studies	
   reported	
   on	
   such	
  

materials	
   in	
   1960.35,36	
   However	
   the	
   importance	
   of	
   these	
   coordination	
   polymers	
   became	
  

known	
   only	
   after	
   the	
   synthesis	
   of	
   MOF-­‐5	
   by	
   Yaghi	
   et	
   al.	
   in	
   1999.6,7	
   Nowadays	
   many	
  

researches	
   work	
   on	
   the	
   synthesis,	
   characterization	
   and	
   design	
   of	
   these	
   promising,	
   highly	
  

porous	
  materials.	
  

	
  

	
  

Figure	
  2.1	
  Schematic	
  representation	
  of	
  the	
  MOF	
  formation.	
  

The	
   interest	
   in	
   porous	
   materials	
   results	
   from	
   their	
   unique	
   properties	
   and	
   their	
   possible	
  

applications.	
  Generally,	
  porous	
  materials	
  are	
  sorted	
  by	
  their	
  pore	
  sizes	
  as	
  microporous	
  (<	
  2	
  

nm),	
   mesoporous	
   (2	
   –	
   50	
   nm)	
   and	
   macroporous	
   (>	
   50	
   nm).37	
   Zeolites	
   are	
   one	
   of	
   the	
  

important	
  classes	
  of	
  these	
  porous	
  materials.	
  They	
  are	
  crystalline	
  aluminosilicates	
  with	
  high	
  

surface	
  areas	
  and	
  ordered	
  micropores	
  which	
  makes	
  them	
  suitable	
   for	
  many	
  applications.38	
  

Like	
   MOFs,	
   zeolites	
   are	
   also	
   connected	
   in	
   a	
   way	
   to	
   form	
   frameworks	
   with	
   channels	
   and	
  

cavities.39,40	
   However,	
   the	
   topologies	
   of	
   zeolites	
   are	
   limited,	
   since	
   they	
   are	
   built	
   up	
   by	
  

tetrahedral	
  Al	
   and	
  Si	
   units.	
  Moreover	
   zeolites	
  do	
  not	
   show	
  high	
  porosity.41	
   Therefore,	
   the	
  

tunable	
   structures	
   of	
   MOFs	
   give	
   rise	
   to	
   a	
   broader	
   variation	
   of	
   geometries	
   and	
   sizes	
  

compared	
  to	
  zeolites.	
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MOFs	
  are	
  crystalline	
  and	
  porous	
  materials	
  having	
  strong	
  metal-­‐ligand	
   interactions.42	
  These	
  

strong	
   interactions	
  give	
  stability	
   to	
  the	
  structure	
  which	
   is	
  also	
  even	
  preserved	
  without	
  any	
  

structure	
  collapse	
  after	
  the	
  complete	
  removal	
  of	
  the	
  solvents.43	
  

The	
  solvothermal	
  reaction	
  is	
  the	
  most	
  common	
  method	
  to	
  synthesize	
  MOFs.	
  Its	
  identity	
  can	
  

be	
  described	
  as	
  a	
  Lewis-­‐acid/base	
  reaction	
  wherein	
  the	
  metal	
  ions	
  act	
  as	
  Lewis-­‐acids	
  and	
  the	
  

linkers	
  act	
  as	
  Lewis-­‐bases.44	
  Generally,	
  it	
  is	
  carried	
  out	
  by	
  simply	
  mixing	
  the	
  metal	
  salts,	
  the	
  

ligands,	
   and	
   the	
   solvents	
   and	
   heating	
   to	
   elevated	
   temperatures.	
   Recently,	
   the	
   so-­‐called	
  

modulator	
   strategy	
   (Section	
   2.7	
   and	
   2.8)	
   was	
   developed	
   in	
   order	
   to	
   control	
   the	
   reaction	
  

rates	
   in	
   the	
   synthesis	
   of	
  MOFs.	
   However,	
   if	
   the	
   aim	
   is	
   high	
   yields	
   instead	
   of	
   high	
   crystal	
  

quality,	
  the	
  reaction	
  times	
  are	
  decreased	
  by	
  using	
  high	
  reactant	
  concentrations	
  or	
  employing	
  

agitation.42,45	
   DMF,	
   DEF,	
   DMSO,	
   methanol	
   and	
   ethanol	
   are	
   the	
   typical	
   solvents	
   in	
   these	
  

synthesis.	
   They	
   are	
   used	
   either	
   alone	
   or	
   as	
   mixtures	
   with	
   other	
   solvents.46,47	
   The	
  

temperatures	
   applied	
   in	
   the	
   reactions	
   can	
   change	
   from	
   room	
   temperature	
   to	
   250	
   °C	
  

depending	
  on	
  the	
  solvents	
  used.42	
  

Besides	
   the	
   conventional	
   solvothermal	
   synthesis,	
   different	
   further	
  methods	
   are	
   applied	
   in	
  

order	
   to	
   improve	
   the	
   MOF	
   synthesis.	
   For	
   instance,	
   Forster	
   et	
   al.	
   showed	
   that	
   using	
   the	
  

hydrothermal	
   synthesis	
   with	
   non-­‐miscible	
   solvents,	
   high	
   quality	
   single	
   crystals	
   can	
   be	
  

obtained	
  at	
  the	
  interface.48	
  Moreover	
  electrochemical	
  synthesis	
  49	
  and	
  microwave	
  synthesis	
  
50-­‐52	
  were	
  also	
  found	
  to	
  be	
  effective	
  methods	
  for	
  the	
  MOF	
  synthesis	
  in	
  order	
  to	
  reduce	
  the	
  

time	
  for	
  the	
  crystal	
  formation.	
  	
  

Without	
  doubt,	
  the	
  most	
  important	
  point	
  in	
  the	
  MOF	
  chemistry	
  is	
  the	
  production	
  of	
  highly	
  

specific	
  and	
  functional	
  materials.53-­‐55	
  The	
  choice	
  of	
  the	
  organic	
  linker	
  is	
  one	
  of	
  the	
  key	
  points	
  

to	
  achieve	
  rigid,	
  functional	
  MOFs.	
  	
  The	
  linkers	
  should	
  have	
  appropriate	
  functional	
  groups	
  to	
  

coordinate	
   the	
  metal	
   ions.	
   Carboxylic	
   acids,56-­‐61,	
   phosphonic	
   acids,62-­‐67	
   phosphonates,68	
  N-­‐

heterocyclics,69-­‐72	
  and	
  cyanides	
  73,74	
  are	
  the	
  most	
  viewed	
  linkers	
  used	
  in	
  the	
  MOF	
  synthesis	
  in	
  

which	
  the	
  functional	
  groups	
  build	
  up	
  a	
  polyhedra	
  by	
  coordinating	
  to	
  the	
  metal	
   ions.	
  When	
  

these	
  polyhedras	
  link	
  to	
  each	
  other	
  they	
  form	
  linked	
  clusters	
  in	
  which	
  each	
  cluster	
  is	
  named	
  

as	
   Secondary	
   Building	
   Unit	
   (SBU).53	
   Figure	
   2.2	
   shows	
   some	
   SBU	
   examples	
   of	
   carboxylate	
  

MOFs.	
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Figure	
   2.2	
   Secondary	
   building	
   units	
   (SBUs)	
   from	
   some	
   carboxylate	
   MOFs.	
   In	
  
inorganic	
   units	
  metal-­‐oxygen	
   polyhedra	
   are	
   blue,	
   and	
   the	
   polygons	
   or	
  
polyhedrons	
  defined	
  by	
  carboxylate	
  carbon	
  atoms	
  (SBUs)	
  are	
  red.53	
  

	
  

Generally	
   the	
   character	
   of	
   the	
   solids	
   obtained	
   by	
   the	
   traditional	
   methods	
   cannot	
   be	
  

controlled	
  since	
  the	
  precursors	
  do	
  not	
  preserve	
  their	
  structure	
  during	
  the	
  reaction	
  and	
  give	
  

rise	
   to	
   a	
   poor	
   correlation	
   between	
   reactants	
   and	
   products.53	
   However	
   a	
   network	
   can	
   be	
  

designed	
   by	
   using	
  well-­‐defined	
   and	
   rigid	
  molecular	
   building	
   blocks	
   via	
   reticular	
   chemistry	
  

which	
   is	
   defined	
   as	
   the	
   linking	
   of	
   molecular	
   building	
   blocks	
   into	
   predefined	
   structures	
  

wherein	
  the	
  units	
  are	
  repeated	
  and	
  bound	
  strongly.75	
  

According	
  to	
  the	
  reticular	
  synthesis	
  approach	
  it	
  can	
  be	
  said	
  that	
  the	
  synthesis	
  of	
  the	
  desired	
  

MOFs	
  are	
  done	
  by	
  firstly	
  designing	
  the	
  primary	
  building	
  units	
  which	
  are	
  the	
  metallic	
  centers	
  

and	
   the	
   organic	
   linkers.	
   The	
   organic	
   linkers	
   used	
   in	
   the	
   MOFs	
   research	
   are	
   often	
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commercially	
   available.	
  On	
   the	
  other	
   hand,	
   preparation	
  or	
   design	
  of	
   new	
  organic	
   linker	
   is	
  

also	
   carried	
  out.	
   In	
   situ	
   synthesis	
   can	
  be	
  performed	
  by	
  modification	
  of	
   the	
  organic	
   linkers	
  

which	
   are	
   already	
   in	
   the	
   secondary	
   building	
   blocks	
   or	
   the	
   conventional	
   synthesis	
   can	
   be	
  

applied	
  which	
  may	
  cover	
  several	
  syntheses	
  before	
  building	
  up	
  the	
  network.76	
  	
  

As	
  already	
  mentioned,	
  the	
  functionality	
  of	
  the	
  MOF	
  structure	
  mainly	
  depends	
  on	
  the	
  organic	
  

linker	
  used.	
  	
  The	
  linker	
  selected	
  for	
  the	
  structure	
  should	
  have	
  special	
  features	
  to	
  obtain	
  the	
  

most	
  promising	
  materials	
  suitable	
  for	
  applications.	
  Different	
  functional	
  groups	
  on	
  the	
  linker	
  

may	
  modulate	
   the	
  adsorbent-­‐adsorbate	
   interactions	
  during	
   the	
  adsorption	
  processes	
   77	
  or	
  

they	
  may	
  act	
  as	
  molecular	
  sieves	
  78	
  and	
  may	
  reveal	
  shape	
  selective	
  properties.79	
  	
  

The	
  pore	
  sizes	
  and	
  the	
  BET	
  surface	
  areas	
  can	
  be	
  also	
  tuned	
  by	
  the	
  organic	
  linker.	
  There	
  are	
  

several	
   studies	
   80-­‐83	
  based	
  on	
   the	
  synthesis	
  of	
  MOFs	
  using	
   this	
  approach	
  which	
   resulted	
   in	
  

large	
  surface	
  areas.	
  One	
  of	
  the	
  most	
  common	
  methods	
  viewed	
  recently	
  is	
  introducing	
  metal-­‐

carboxylates	
  as	
  building	
  units	
  with	
  large	
  linkers.84	
  Using	
  this	
  approach,	
  highly	
  porous	
  MOFs	
  

showing	
  different	
  cavities	
  were	
  obtained.	
  DUT-­‐6,85	
  NOTT-­‐116,86	
  NU-­‐100,61	
  UMCM-­‐1,83	
  PCN-­‐

610	
  87	
  and	
  MOF-­‐210	
  88	
  are	
  the	
  examples	
  for	
  such	
  MOFs.	
  Up	
  to	
  date,	
  the	
  largest	
  BET	
  surface	
  

area	
   (6.240	
   m2/g)	
   was	
   reported	
   for	
   MOF-­‐210	
   which	
   has	
   4,4',4''-­‐[benzene-­‐1,3,5-­‐triyl-­‐

tris(ethyne-­‐2,1-­‐diyl)]tribenzoate	
   (BTE)	
   and	
   biphenyl-­‐4,4'-­‐dicarboxylate	
   (BPDC)	
   as	
   linkers	
  

(Figure	
  2.3).84,88	
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Figure	
   2.3	
   Crystal	
   structure	
   of	
   MOF-­‐210.	
   The	
   yellow	
  
and	
   orange	
   balls	
   indicate	
   the	
   space	
   in	
   the	
   cage.	
   Zn,	
  
blue,	
  tetrahedral;	
  O,	
  red;	
  and	
  C,	
  black.	
  Hydrogen	
  atoms	
  
are	
  omitted	
  for	
  clarity.88	
  

	
  

However,	
  using	
  longer	
  linkers	
  may	
  lead	
  to	
  catenation	
  instead	
  of	
  porosity	
  (Section	
  2.3.1.1).	
  In	
  

a	
  catenated	
  structure	
  two	
  or	
  more	
  identical	
  frameworks	
  intergrow	
  and	
  located	
  in	
  the	
  same	
  

space	
  (Figure	
  2.4).89	
  It	
  is	
  shown	
  in	
  the	
  literature	
  that	
  it	
  is	
  possible	
  to	
  control	
  the	
  catenation	
  

by	
   varying	
   the	
   temperature	
   and	
   the	
   concentrations	
   in	
   the	
   synthesis	
   90,91	
   or	
   by	
   applying	
  

organic	
  patterns	
  containing	
  liquid-­‐phase	
  epitaxy.89	
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Figure	
   2.4	
   Representation	
   of	
   the	
   non-­‐catenated	
   and	
   catenated	
  
frameworks.	
  

	
  

Alternative	
  to	
  long	
  linkers,	
  recent	
  studies	
  prove	
  that	
  it	
  is	
  also	
  possible	
  to	
  reach	
  high	
  porosity	
  

by	
  using	
  larger	
  metal-­‐cluster	
  vertices.92-­‐96	
  	
  A	
  study	
  by	
  An	
  et	
  al.	
  showed	
  that	
  using	
  large	
  zinc-­‐

adeninate	
  vertices	
  an	
  highly	
  porous	
  material	
  bio-­‐MOF-­‐100	
  could	
  be	
  synthesized	
  	
  which	
  has	
  

the	
  largest	
  MOF	
  pore	
  volume	
  reported	
  to	
  date	
  (4.3	
  cm3/	
  g)	
  (Figure	
  2.5).84	
  Moreover,	
  other	
  

metal	
   atoms	
   such	
   as	
   alkaline-­‐earth,	
   transition	
   metals,	
   main	
   group	
   metals	
   and	
   rare-­‐earth	
  

elements	
  have	
  also	
  been	
  used	
  in	
  the	
  MOF	
  synthesis.43	
  

	
  

	
  

	
  

Figure	
  2.5	
  Comparison	
  of	
  MOF	
  building	
  units,	
  zinc-­‐adeninate	
  building	
  
unit	
   (ZABU)	
   (a)	
   compared	
   with	
   the	
   basic	
   zinc-­‐carboxylate	
   building	
  
unit	
  (b)	
  (Zn2+	
  ,	
  dark	
  blue	
  tetrahedra;	
  C,	
  grey	
  spheres;	
  O,	
  red	
  spheres;	
  
N,	
  blue	
  spheres;	
  H,	
  omitted	
  for	
  clarity).84	
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Characterization	
   of	
   these	
   crystalline	
   and	
  porous	
  materials	
   is	
   very	
   important.	
   To	
   check	
   the	
  

porosity	
  and	
  crystallinity	
  of	
  the	
  material,	
  the	
  most	
  frequently	
  used	
  method	
  is	
  powder	
  X-­‐ray	
  

diffraction	
   (PXRD)	
   which	
   is	
   correlated	
   with	
   thermogravimetric	
   analysis	
   (TGA)	
   in	
   order	
   to	
  

determine	
  the	
  stability.	
  However	
  these	
  methods	
  should	
  be	
  supported	
  by	
  Infrared	
  (IR)	
  and/or	
  

nuclear	
  magnetic	
  resonance	
  (NMR)	
  spectroscopy,	
  as	
  well	
  as	
  elemental	
  analysis	
  for	
  complete	
  

structural	
  analysis.	
  Moreover	
  nitrogen	
  adsorption	
  at	
  77	
  K	
  or	
  argon	
  uptake	
  at	
  87	
  K	
  are	
  applied	
  

to	
  determine	
  the	
  Langmuir	
  and	
  Brunauer-­‐Emmett-­‐Teller	
  (BET)	
  surface	
  areas.42	
  	
  

	
  
As	
  mentioned	
   above,	
   the	
   reticular	
   chemistry	
   approach	
   allows	
   the	
   tuning	
   of	
   pore	
   size	
   and	
  

functionality,	
   thus	
   it	
   leads	
   to	
  MOFs	
  applicable	
   for	
  a	
  wide	
  range	
  of	
  applications.	
  This	
  highly	
  

porous	
   and	
   functional	
   frameworks	
   are	
   particularly	
   useful	
   for	
   applications	
   like	
   gas	
  

adsorption,97-­‐101	
  separation	
  102	
  and	
  catalysis,103,104	
  as	
  well	
  as	
  drug	
  delivery.105-­‐107	
  

	
  

2.1	
  Isoreticular	
  Metal	
  Organic	
  Frameworks	
  (IRMOFs)	
  

Isoreticular	
   metal	
   organic	
   frameworks	
   (IRMOFs)	
   were	
   firstly	
   discovered	
   by	
   Yaghi	
   et.	
   al	
  

starting	
  with	
  the	
  synthesis	
  of	
  MOF-­‐5	
  which	
   is	
  also	
  named	
  as	
   IRMOF-­‐1.6	
   It	
  was	
  obtained	
  by	
  

formally	
  linking	
  [Zn4O]6+	
  clusters	
  possessing	
  six	
  octahedrally	
  arranged	
  free	
  coordination	
  sites	
  

for	
   carboxylates	
  with	
   1,4-­‐benzenedicarboxylic	
   acid	
   as	
   the	
   organic	
   linker.	
   A	
   series	
   of	
   these	
  

materials	
   having	
   the	
   identical	
   topology	
  with	
  MOF-­‐5	
  were	
   synthesized	
  which	
   have	
   a	
   cubic	
  

framework	
  structure	
  with	
  different	
  length	
  and	
  functionality.60	
  This	
  is	
  an	
  excellent	
  example	
  of	
  

adjusting	
   and	
   designing	
   frameworks,	
   in	
   other	
   words	
   reticular	
   chemistry	
   which	
   results	
   in	
  

materials	
  differing	
  in	
  pore	
  properties	
  (size	
  and	
  volume),	
  surface	
  area	
  and	
  chemical	
  features	
  

(Figure	
  2.6).	
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Figure	
  2.6	
  A	
  series	
  of	
  IRMOFs	
  based	
  on	
  MOF-­‐5	
  topology.60	
  

In	
   the	
   following	
   sections,	
   the	
   synthesis,	
   characterization	
   and	
   applications	
   of	
   seven	
  

functionalized	
  linkers	
  leading	
  to	
  IRMOF	
  structures	
  shall	
  be	
  presented.	
  A	
  common	
  feature	
  of	
  

them	
   is	
   that	
   functionalized	
   4,4´-­‐biphenyldicarboxylic	
   acids	
  were	
   introduced	
   as	
   the	
   organic	
  

linkers.	
  	
  

2.2	
  Synthesis	
  of	
  the	
  –Br,	
  –NO2	
  and	
  –NH2	
  Functionalized	
  BPDC	
  Linkers	
  

2.2.1	
  Synthesis	
  of	
  the	
  Br-­‐BPDC	
  Linker	
  
	
  

To	
   synthesize	
   the	
   bromo	
   functionalized	
   biphenyl	
   carboxylate	
   linker	
   3,	
   dimethyl	
   biphenyl-­‐

4,4`-­‐dicarboxylate	
   (1)	
   was	
   reacted	
   in	
   the	
   presence	
   of	
   silver	
   sulphate	
   and	
   sulphuric	
   acid	
  

according	
  to	
  a	
  published	
  procedure	
  (Scheme	
  2.1).108	
  	
  	
  

	
  

Scheme	
  2.1	
  Overall	
  reaction	
  for	
  the	
  synthesis	
  of	
  linker	
  3.	
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Electrophilic	
   aromatic	
   brominations	
   are	
   generally	
   possible	
   for	
   electron	
   poor	
   aromatic	
  

compounds	
  having	
  an	
  electron	
  withdrawing	
  group	
  such	
  as	
  –COOCH3.	
  This	
  leads	
  to	
  the	
  meta	
  

substitutions,	
  that	
  was	
  desired	
  in	
  this	
  study.	
  Lewis	
  acid	
  catalysts	
  such	
  as	
  FeBr3,	
  AlCl3,	
  Ag2SO4	
  

109
	
  are	
  required	
  in	
  this	
  situation.	
  The	
  Lewis	
  acid	
  forms	
  an	
  intermediate	
  complex	
  with	
  bromine	
  

that	
  polarizes	
  the	
  Br-­‐Br	
  bond	
  and	
  increases	
  the	
  electrophilicity	
  of	
  the	
  reagent.110	
  	
  

	
  

In	
  the	
  presence	
  of	
  Ag2SO4,	
  bromonium	
  cations	
  are	
  formed	
  and	
  even	
  deactivated	
  aromatics	
  

can	
  be	
  easily	
  brominated.111	
  For	
  this	
  reason,	
  silver	
  sulphate	
  was	
  decided	
  to	
  be	
  used	
  instead	
  

of	
  FeBr3,	
  AlCl3.	
  In	
  the	
  first	
  step	
  of	
  the	
  reaction,	
  bromine	
  forms	
  a	
  complex	
  with	
  Ag+	
  which	
  then	
  

dissociates	
   to	
   generate	
   the	
  bromonium	
   cation.	
   The	
   electrophilic	
   attack	
  of	
   the	
  bromonium	
  

cation	
   to	
   the	
   aromatic	
   ring	
   forms	
   an	
   arenium	
   ion.	
   Then	
   the	
   proton	
   is	
   removed	
   by	
   the	
  

sulphate	
   anion	
   giving	
   the	
   brominated	
   compound,	
   bromosulfonate	
   and	
   silver	
   bromide	
  

(Scheme	
  2.2).110	
  	
  

	
  

	
  
Scheme	
  2.2	
  Reaction	
  mechanism	
  for	
  the	
  bromination	
  reaction.	
  

	
  

After	
   the	
   reaction,	
   the	
   obtained	
   green	
   precipitate	
   was	
   Soxhlet-­‐extracted	
   with	
   EtOH	
   over	
  

night	
   to	
   separate	
  2	
   from	
  AgBr	
  completely.	
  2	
  was	
  obtained	
  as	
  white	
   solid.	
  Recrystallization	
  

from	
  ethanol	
  yielded	
  white	
  crystals	
  suitable	
  for	
  an	
  X-­‐ray	
  structure	
  analysis	
  (Figure	
  2.7).	
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Figure	
  2.7	
  Crystal	
  structure	
  of	
  2.	
  Atom	
  colors:	
  C	
  grey,	
  O	
  red,	
  H	
  
white,	
  Br	
  purple.	
  

	
  

The	
   structural	
   elucidation	
   of	
   2	
  was	
   accomplished	
   by	
   1H	
   NMR	
   and	
   13C	
   NMR	
   spectroscopy	
  

(Figure	
  2.8).	
  The	
  1H	
  NMR	
  spectrum	
  shows	
  three	
  peaks	
  in	
  the	
  aromatic	
  region.	
  Two	
  aromatic	
  

protons	
  appear	
  at	
  8.04	
  and	
  7.30	
  ppm	
  as	
  a	
  doublet	
  of	
  doublet	
  and	
  a	
  doublet	
  with	
  coupling	
  

constants	
   of	
   8.0	
   and	
   0.8	
   Hz	
   and	
   8.0	
   Hz	
   respectively,	
   the	
   proton	
   neighboring	
   the	
   bromine	
  

substituent	
  shows	
  a	
  doublet	
  at	
  8.33	
  ppm	
  with	
  a	
  coupling	
  constant	
  of	
  0.8	
  Hz.	
  A	
  characteristic	
  

singlet	
   peak	
   at	
   3.94	
  ppm	
  belongs	
   to	
   the	
  methoxy	
   groups	
   of	
   the	
   compound.	
   The	
   13C	
  NMR	
  

spectrum	
  reveals	
   resonances	
  of	
  eight	
  different	
  carbon	
  atoms	
   (as	
  expected)	
  confirming	
   the	
  

substitution	
  of	
  each	
  phenyl	
   ring	
   (Figure	
  2.8).	
   For	
  a	
   final	
   assignment	
  of	
   carbon	
   resonances,	
  

the	
  HMBC	
  technique	
  (showing	
  longer	
  coupling	
  interactions)	
  was	
  used.	
  



Metal	
  Organic	
  Frameworks	
  

14	
  
	
  

	
  
	
  

	
  
Figure	
  2.8	
  1H	
  and	
  13C	
  NMR	
  spectra	
  of	
  2	
  recorded	
  in	
  CDCl3.	
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Compound	
  2	
  was	
  hydrolyzed	
  using	
  KOH	
   in	
  a	
  1:1	
  methanol/water	
  mixture	
   112	
   to	
  obtain	
   the	
  

target	
  carboxylic	
  acid	
  derivative	
  3	
   for	
  the	
  MOF	
  synthesis.	
  The	
  disappearance	
  of	
  the	
  methyl	
  

resonances	
   in	
   both	
   the	
   1H	
   and	
   the	
   13C	
   NMR	
   spectrum	
   indicates	
   the	
   formation	
   of	
   this	
  

compound	
  (Figure	
  2.9	
  and	
  2.10).	
  	
  

	
  

	
  

Figure	
  2.9	
  1H	
  NMR	
  spectrum	
  of	
  3	
  recorded	
  in	
  DMSO-­‐d6.	
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Figure	
  2.10	
  13C	
  NMR	
  spectrum	
  of	
  3	
  recorded	
  in	
  DMSO-­‐d6.	
  

	
  

2.2.2	
  Synthesis	
  of	
  the	
  NO2-­‐BPDC	
  Linker	
  
	
  

To	
   change	
   the	
   substitution	
  pattern	
  on	
   the	
  phenyl	
   rings	
  of	
   the	
  biphenyl	
   dicarboxylate	
   to	
   –

NO2,	
  an	
  electrophilic	
  aromatic	
  nitration	
  was	
  carried	
  out.	
  In	
  this	
  study	
  the	
  nitration	
  of	
  1	
  was	
  

performed	
  using	
  fuming	
  nitric	
  acid	
  and	
  concentrated	
  sulfuric	
  acid	
  according	
  to	
  a	
  published	
  

procedure	
  (Scheme	
  2.3).113	
  	
  

	
  

Scheme	
  2.3	
  Overall	
  synthesis	
  of	
  the	
  linker	
  5.	
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For	
  the	
  nitration,	
  a	
  sufficiently	
  high	
  concentration	
  of	
  nitronium	
  ion	
  is	
  required	
  which	
  being	
  

provided	
  by	
   the	
  addition	
  of	
  concentrated	
  sulfuric	
  acid	
   (Scheme	
  2.4).114	
  The	
  nitronium	
   ions	
  

formed	
   act	
   as	
   electrophiles	
   and	
   react	
   readily	
   with	
   the	
   phenyl	
   rings.	
   Nitro	
   functionalized	
  

target	
  ester	
  forms	
  by	
  the	
  loose	
  of	
  protons.	
  

	
  

	
  

Scheme	
  2.4	
  Reaction	
  mechanism	
  for	
  the	
  nitration	
  reaction.	
  

Excess	
  amounts	
  of	
  acids	
  were	
  used	
  to	
  favor	
  the	
  substitution	
  of	
  both	
  phenyl	
  rings.	
  The	
  acids	
  

HNO3	
  and	
  H2SO4	
  were	
  previously	
  mixed	
  and	
  afterwards	
  the	
  starting	
  material	
  was	
  added	
   in	
  

small	
  portions	
  until	
  all	
  solid	
  dissolved	
  completely	
  to	
  prevent	
  the	
  formation	
  of	
  undesirable	
  by	
  

products.	
   The	
   obtained	
   pale	
   yellow	
   product	
   was	
   recrystallized	
   from	
   methanol	
   yielding	
  

crystals	
  suitable	
  for	
  an	
  X-­‐ray	
  structure	
  analysis	
  (Figure	
  2.11).	
  	
  

	
  

Figure	
  2.11	
  Crystal	
  structure	
  of	
  4.	
  Atom	
  colors:	
  C	
  grey,	
  O	
  red,	
  H	
  
white,	
  N	
  blue.	
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The	
   1H	
  NMR	
  spectrum	
  of	
  4	
   reveals	
   three	
  peaks	
   in	
   the	
  aromatic	
   and	
  one	
   resonance	
   in	
   the	
  

aliphatic	
   region	
   (Figure	
   2.12).	
   A	
   doublet	
   in	
   the	
   aromatic	
   region	
   at	
   8.69	
   ppm	
   (J	
   =	
   1.2	
   Hz)	
  

belongs	
  to	
  the	
  proton	
  neighboring	
  the	
  -­‐NO2	
  group.	
  Two	
  further	
  aromatic	
  protons	
  appear	
  at	
  

8.37	
  and	
  7.71	
  ppm	
  as	
  a	
  doublet	
  of	
  doublet	
   (J	
   =	
  8.0	
  Hz,	
   1.2	
  Hz)	
   and	
  a	
  doublet	
   (J	
   =	
  8.0	
  Hz)	
  

respectively.	
  A	
  singlet	
  peak	
  at	
  3.96	
  ppm	
  is	
  assigned	
  to	
  the	
  -­‐OCH3	
  group.	
  As	
  expected,	
  the	
  13C	
  

NMR	
   spectrum	
   shows	
   eight	
   peaks,	
   the	
   carbon	
   resonances	
   were	
   assigned	
   by	
   an	
   HMBC	
  

spectrum.	
  When	
  the	
  spectrum	
  is	
  compared	
  with	
  the	
  bromine	
  functionalized	
  ester´s	
  13C	
  NMR	
  

data,	
   the	
   effect	
   of	
   the	
   different	
   groups	
   on	
   the	
   phenyl	
   ring	
   can	
   easily	
   be	
   observed.	
   The	
  

electron	
  withdrawing	
  –NO2	
  group	
  shifts	
  the	
  resonance	
  of	
  the	
  C2	
  carbon	
  atoms	
  to	
  low	
  field.	
  

They	
  appear	
  at	
  146.6	
  ppm,	
  while	
  they	
  appear	
  at	
  123.2	
  ppm	
  for	
  2	
  (Figure	
  2.13).	
  	
  

	
  

	
  

Figure	
  2.12	
  1H	
  NMR	
  spectrum	
  of	
  4	
  recorded	
  in	
  DMSO-­‐d6.	
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Figure	
  2.13	
  13C	
  NMR	
  spectrum	
  of	
  4	
  recorded	
  in	
  DMSO-­‐d6.	
  

4	
   was	
   hydrolyzed	
   by	
   using	
   KOH	
   in	
   a	
   MeOH/water	
   mixture	
   as	
   described	
   for	
   the	
   bromo	
  

derivative.	
  The	
  formation	
  of	
  the	
  carboxylic	
  acid	
  5	
  was	
  proved	
  by	
  1H	
  and	
  13C	
  NMR	
  as	
  well	
  as	
  

by	
  elemental	
  analysis.	
  The	
  disappearance	
  of	
  the	
  methoxy	
  resonance	
  in	
  both	
  spectra	
  clearly	
  

proves	
  the	
  formation	
  of	
  the	
  target	
  compound	
  5.	
  	
  

2.2.3	
  Synthesis	
  of	
  the	
  NH2-­‐BPDC	
  Linker	
  
	
  

A	
  reduction	
  of	
  nitro	
  groups	
  to	
  amino	
  groups	
  can	
  be	
  performed	
  by	
  using	
  different	
  reducing	
  

agents	
  like	
  SnCl2/HCl,115	
  NaBH4/Raney	
  Nickel,116	
  Zn/hydrazinium	
  monoformate,117	
  Fe/HCl,118	
  

Al/NH4Cl/MeOH	
   119	
   etc.	
   	
   In	
   general,	
   the	
   reduction	
   of	
   nitro	
   compounds	
   follows	
   the	
   path	
  

below	
  (Scheme	
  2.5).	
  First,	
  the	
  nitro	
  group	
  is	
  reduced	
  to	
  a	
  nitroso	
  group,	
  then	
  the	
  reductive	
  

addition	
  of	
  hydrogen	
  forms	
  hydroxylamine,	
  which	
  is	
  further	
  reduced	
  to	
  the	
  amine.114	
  

	
  

Scheme	
  2.5	
  Reduction	
  of	
  the	
  nitro	
  group.	
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In	
  this	
  study,	
  the	
  first	
  attempt	
  to	
  obtain	
  the	
  amino	
  derivative	
  was	
  applying	
  SnCl2/HCl	
  as	
  the	
  

reducing	
  agent.120	
  Both	
  1H	
  NMR	
  and	
  13C	
  NMR	
  spectra	
  reveal	
  the	
  reduction	
  of	
  the	
  nitro	
  group	
  

as	
  well	
  as	
  the	
  hydrolysis	
  of	
  ester	
  by	
  the	
  disappearance	
  of	
  the	
  –OCH3	
  group	
  at	
  3.96	
  ppm	
  in	
  

the	
   1H	
  NMR	
  spectrum	
  and	
  at	
  53.0	
  ppm	
   in	
   the	
   13C	
  NMR	
  spectrum	
   (Figure	
  2.14).	
   Elemental	
  

analysis	
   strongly	
   supported	
   the	
   desired	
   structure	
   containing	
   one	
  mole	
   of	
  HCl	
   per	
   formula	
  

unit	
  (Table	
  2.1).	
  This	
   is	
  due	
  to	
  the	
  excess	
  amounts	
  of	
  acid	
  used,	
  since	
  the	
  hydrolysis	
  of	
  the	
  

esters	
  can	
  also	
  occur	
   in	
  an	
  acidic	
  medium.121	
  The	
  ammonium	
  salt	
  could	
  not	
  be	
  purified	
  by	
  

the	
   treatment	
  with	
   a	
   base	
  because	
  of	
   the	
   low	
   solubility	
   of	
   the	
   carboxylic	
   acid.	
  Moreover,	
  

when	
  lower	
  amounts	
  of	
  acid	
  are	
  used	
  in	
  order	
  to	
  prevent	
  the	
  salt	
  formation,	
  the	
  complete	
  

reduction	
  could	
  not	
  be	
  achieved.	
  

	
  

Table	
   2.1	
   Calculated	
   and	
   found	
   elemental	
  
composition	
  of	
  C14H12N2O4·∙HCl.	
  

C14H12N2O4·∙HCl	
  (308.72	
  g/mol)	
  

	
   C	
   H	
   N	
  

Calculated	
  	
   54.47	
  %	
   4.24	
  %	
   9.07	
  %	
  

Found	
   54.27	
  %	
   4.60	
  %	
   8.97	
  %	
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Figure	
  2.14	
  Comparison	
  of	
  the	
  1H	
  and	
  13C	
  NMR	
  spectra	
  of	
  4	
  (black)	
  and	
  C14H12N2O4.HCl	
  (red)	
  
recorded	
  in	
  DMSO-­‐d6.	
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Although	
  the	
  target	
  carboxylic	
  acid	
  was	
  obtained	
  in	
  a	
  one	
  step	
  reaction,	
  the	
  presence	
  of	
  HCl	
  

in	
   the	
  molecule	
   failed	
   the	
  MOF	
   synthesis	
   resulting	
   in	
   a	
   precipitation	
   of	
   a	
  microcrystalline	
  

material	
  instead	
  of	
  crystal	
  formation.	
  	
  

To	
  prevent	
  the	
  formation	
  of	
  ammonium	
  salts,	
  another	
  synthesis	
  routes	
  without	
  the	
  use	
  of	
  

acid	
  was	
  applied.	
   It	
  was	
   carried	
  out	
  with	
  Pd/C	
  as	
   the	
   reducing	
  agent	
  and	
  NH4HCO2	
  as	
   the	
  

hydrogen	
   transfer	
   agent	
   (Scheme	
   2.6).122	
   Due	
   to	
   the	
   low	
   solubility	
   of	
  4	
   large	
   amounts	
   of	
  

methanol	
   had	
   to	
   be	
   used,	
   since	
   it	
   was	
   observed	
   that	
   if	
   the	
   starting	
   material	
   was	
   not	
  

completely	
  dissolved,	
  the	
  reaction	
  ended	
  with	
  very	
  low	
  yields.	
  Moreover,	
  in	
  contrast	
  to	
  the	
  

stated	
  reaction	
  times	
  (3-­‐120	
  min)	
  in	
  the	
  literature,	
  the	
  reaction	
  medium	
  had	
  to	
  be	
  refluxed	
  

for	
   at	
   least	
   4	
   h	
   for	
   full	
   conversion.	
   After	
   optimization	
   of	
   the	
   reaction	
   conditions,	
   6	
   was	
  

synthesized	
   successfully.	
   Recrystallization	
   of	
   the	
   resulting	
   yellow	
   solid	
   from	
   methanol	
  

yielded	
  yellow	
  crystals	
  suitable	
  for	
  an	
  X-­‐ray	
  analysis	
  (Figure	
  2.15).	
  	
  

	
  

	
  

Scheme	
  2.6	
  Overall	
  reaction	
  for	
  the	
  synthesis	
  of	
  linker	
  7.	
  

	
  

Figure	
  2.15	
  Crystal	
  structure	
  of	
  6.	
  Atom	
  colors:	
  C	
  grey,	
  O	
  red,	
  
H	
  white,	
  N	
  blue.	
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The	
  1H	
  NMR	
  spectrum	
  of	
  6	
  reveals	
  three	
  peaks	
  in	
  the	
  aromatic	
  region	
  and	
  one	
  resonance	
  in	
  

the	
  aliphatic	
  region	
  as	
  expected	
  (Figure	
  2.16).	
  A	
  doublet	
  in	
  the	
  aromatic	
  region	
  at	
  7.44	
  ppm	
  

with	
  coupling	
  constant	
  1.2	
  Hz	
  belongs	
  to	
  the	
  proton	
  neighboring	
  the	
  -­‐NH2	
  group.	
  The	
  ortho	
  

protons	
   appear	
   at	
   7.23	
   and	
   7.08	
   ppm	
   as	
   a	
   doublet	
   of	
   doublet	
   (J	
   =	
   8.0	
   Hz,	
   1.2	
   Hz)	
   and	
   a	
  

doublet	
  (J	
  =	
  8.0	
  Hz)	
  respectively.	
  A	
  singlet	
  peak	
  at	
  3.83	
  belongs	
  to	
  the	
  -­‐OCH3	
  group.	
  It	
  can	
  be	
  

seen	
   that	
   all	
   aromatic	
   protons	
   shift	
   to	
   higher	
   field	
   when	
   compared	
   with	
   the	
   1H	
   NMR	
  

spectrum	
  of	
  4,	
  due	
  to	
  the	
  increase	
  in	
  electron	
  density	
  of	
  the	
  product.	
  The	
  lone	
  pair	
  of	
  amine	
  

donates	
  the	
  electrons	
  to	
  the	
  phenyl	
  ring	
  providing	
  delocalization	
  of	
  the	
  electrons	
  on	
  the	
  ring,	
  

as	
  a	
  result	
  of	
  this	
  phenyl	
  protons	
  resonate	
  in	
  higher	
  field.	
  The	
  13C	
  NMR	
  spectrum	
  shows	
  eight	
  

peaks	
  as	
  expected	
  (Figure	
  2.17).	
  The	
  determination	
  of	
  the	
  carbon	
  atoms	
  was	
  done	
  by	
  HMBC	
  

technique.	
  	
  

	
  

	
  

Figure	
  2.16	
  1H	
  NMR	
  spectrum	
  of	
  6	
  recorded	
  in	
  DMSO-­‐d6.	
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Figure	
  2.17	
  13C	
  NMR	
  spectrum	
  of	
  6	
  recorded	
  in	
  DMSO-­‐d6.	
  

For	
   the	
   desired	
   carboxylic	
   acid	
   (7),	
   the	
   ester	
   6	
   was	
   again	
   hydrolyzed	
   by	
   using	
   KOH	
   in	
   a	
  

MeOH/water	
   mixture.	
   Performing	
   the	
   hydrolysis	
   with	
   HCl	
   led	
   to	
   the	
   corresponding	
  

ammonium	
   salt.	
   Since	
   this	
   group	
   affects	
   the	
   MOF	
   synthesis	
   causing	
   an	
   acidic	
   reaction	
  

medium,	
   acetic	
   acid	
  was	
   applied	
   to	
   obtain	
   the	
   desired	
   amino	
   carboxylic	
   acid	
   derivative	
  7	
  

(Scheme	
  2.6).	
  	
  

2.3	
   Synthesis	
   of	
   the	
   –Br,	
   –NO2	
   and	
   –NH2	
   Functionalized	
   BPDC	
   MOFs;	
   ZnBrBPDC,	
  
ZnNO2BPDC	
  and	
  ZnNH2BPDC	
  

Three	
   different	
  MOFs	
  were	
   synthesized	
   solvothermally	
   according	
   to	
  methods	
  which	
  were	
  

previously	
  published	
  by	
  Yaghi	
  et	
  al.123	
  Zn(NO3)2·∙4H2O	
  was	
  used	
  as	
  the	
  metal	
  source	
  and	
  DMF	
  

as	
   the	
   solvent.	
   Ligands	
  3,	
  5	
   and	
  7	
  were	
  applied	
  as	
   linkers	
   to	
  build	
  up	
   the	
   framework.	
   The	
  

reaction	
  was	
  performed	
  in	
  60	
  ml	
  (linker	
  5	
  and	
  7)	
  and	
  125	
  ml	
  (linker	
  3)	
  PP-­‐bottles	
  which	
  were	
  

tightly	
  closed	
  before	
  placing	
  them	
  into	
  the	
  oven.	
  	
  	
  

Formation	
   of	
   colorless	
   cubic	
   crystals	
   was	
   observed	
   for	
   the	
   bromo	
   functionalized	
   linker	
   3	
  

after	
   36	
   h.	
   For	
   the	
   linkers	
   5	
   and	
   7,	
   solely	
   precipitation	
   was	
   observed	
   under	
   similar	
  

conditions.	
   Therefore	
   the	
  bottles	
  were	
   shaken	
  periodically	
   during	
   the	
   reaction	
   in	
   order	
   to	
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prevent	
  the	
  precipitation.	
  After	
  48	
  h,	
  linker	
  5	
  yielded	
  light	
  yellow	
  crystals	
  and	
  linker	
  7	
  yielded	
  

dark	
  yellow	
  crystals.	
  SEM	
  pictures	
  of	
  the	
  crystals	
  are	
  presented	
  below	
  (Figure	
  2.18).	
  

	
  	
  	
  	
  	
  	
  	
  	
   	
  

	
  

Figure	
   2.18	
   SEM	
   pictures	
   of	
   the	
  MOF	
   crystals	
   synthesized	
  with	
   linker	
  3	
   (top,	
  
left),	
  linker	
  5	
  (top,	
  right)	
  and	
  linker	
  7	
  (bottom).	
  

	
  

We	
   named	
   these	
   MOFs	
   as	
   ZnBrBPDC,	
   ZnNO2BPDC	
   and	
   ZnNH2BPDC	
   according	
   to	
   the	
  

functional	
  group	
  on	
  the	
  phenyl	
  groups	
  of	
  the	
  linkers	
  (Figure	
  2.19).	
  

	
  

Figure	
  2.19	
  Linkers	
  3,	
  5	
  and	
  7	
  used	
  for	
  the	
  synthesis	
  of	
  ZnBrBPDC,	
  ZnNO2BPDC	
  
and	
  ZnNH2BPDC.	
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2.3.1	
  Characterization	
  of	
  ZnBrBPDC,	
  ZnNO2BPDC	
  and	
  ZnNH2BPDC	
  
	
  

Characterization	
  of	
   the	
  materials	
  was	
  done	
  using	
  different	
   techniques.	
   Single	
   crystal	
   X-­‐ray	
  

diffraction,	
   as	
   well	
   as	
   powder	
   XRD	
   (PXRD)	
   measurements	
   were	
   used	
   to	
   determine	
   the	
  

structure	
   of	
   the	
  MOFs.	
  FT-­‐IR	
   and	
   solid	
   state	
  NMR	
  measurements	
  were	
   used	
   to	
   prove	
   the	
  

chemical	
  constitution	
  of	
  the	
  materials.	
  The	
  microporosities	
  of	
  the	
  materials	
  were	
  confirmed	
  

by	
  N2	
  adsorption	
  measurements.	
  Thermogravimetric	
  analyses	
   (TGA)	
  were	
  used	
   to	
   find	
  out	
  

the	
  stabilities	
  and	
  as	
  well	
  as	
  the	
  chemical	
  composition	
  of	
  the	
  MOFs	
  along	
  with	
  the	
  elemental	
  

analysis.	
  

2.3.1.1	
   Single	
   Crystal	
   X-­‐Ray	
   Diffraction	
   Measurements	
   of	
   ZnBrBPDC,	
   ZnNO2BPDC	
   and	
  
ZnNH2BPDC	
  
	
  

Colorless	
  cubic	
  shaped	
  crystals	
  of	
  ZnBrBPDC	
  were	
  characterized	
  by	
  using	
  single	
  crystal	
  X-­‐ray	
  

diffraction.	
  The	
  results	
  revealed	
  that	
  a	
  catenated	
  structure	
  was	
  obtained.	
  Catenation	
  can	
  be	
  

explained	
  as	
  an	
  intergrowing	
  of	
  two	
  or	
  more	
  similar	
  frameworks.42	
  In	
  general,	
  2-­‐	
  and	
  3-­‐fold	
  

catenation	
   is	
   observed,91	
   but	
   higher	
   degrees	
   are	
   also	
   reported	
   in	
   the	
   literature.124	
  

Catenation	
   may	
   occur	
   in	
   either	
   interpenetration	
   or	
   interweaving.	
   Networks	
   which	
   are	
  

displaced	
  from	
  each	
  other	
  in	
  a	
  maximum	
  distance	
  are	
  named	
  as	
  interpenetrated,	
  if	
  they	
  are	
  

in	
   close	
   contact	
   and	
   displaced	
   from	
   each	
   other	
   minimally,	
   the	
   network	
   is	
   described	
   as	
  

interwoven.	
   In	
   an	
   interwoven	
   structure	
   pores	
   of	
   two	
   networks	
   superimpose	
   and	
   remain	
  

empty.125	
   It	
   is	
   shown	
   in	
   the	
   literature	
   that	
   longer	
   linkers	
   favor	
   the	
   formation	
   of	
  

interpenetrated	
  structures.123	
  

Figure	
   2.20	
   and	
   2.21	
   show	
   the	
   crystal	
   structure	
   for	
   ZnBrBPDC	
   with	
   different	
   modes	
   of	
  

presentation.	
  To	
  clarify	
  the	
  interpenetrated	
  framework,	
   linkers	
  are	
  shown	
  as	
  single	
   lines	
   in	
  

Figure	
  2.21.	
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Figure	
   2.20	
   Crystal	
   structure	
   of	
   ZnBrBPDC.	
   Atom	
  
colors:	
  C	
  grey,	
  O	
  red,	
  Zn	
  orange.	
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Figure	
  2.21	
  Crystal	
  structure	
  of	
  ZnBrBPDC.	
  Atom	
  colors:	
  C	
  grey,	
  O	
  
red,	
  Zn	
  orange.	
  For	
  clarification	
  linkers	
  are	
  shown	
  as	
  single	
  lines.	
  

	
  

When	
   we	
   have	
   a	
   closer	
   look	
   to	
   the	
   structure,	
   we	
   find	
   that	
   each	
   edge	
   contains	
   a	
   Zn4O	
  

tetrahedron	
  being	
  formed	
  by	
  four	
  Zn2+	
  atoms	
  bound	
  to	
  a	
  central	
  oxygen	
  anion.	
  Each	
  Zn2+	
  ion	
  

in	
   this	
   tetrahedron	
   is	
   linked	
   by	
   a	
   carboxylate	
   group	
   of	
   the	
   linker	
   yielding	
   a	
   Zn(O)(R-­‐CO2)6	
  

cluster	
  with	
  an	
  octahedral	
  geometry.	
  

The	
  single	
  crystal	
  X-­‐ray	
  measurements	
  of	
  ZnNO2BPDC	
  showed	
  that	
  also	
  an	
  interpenetrated	
  

structure	
   was	
   obtained	
   for	
   this	
   MOF	
   (Figure	
   2.22).	
   In	
   contrast	
   to	
   ZnBrBPDC,	
   which	
  

crystallizes	
  in	
  a	
  cubic	
  system,	
  ZnNO2BPDC	
  crystallizes	
  in	
  a	
  hexagonal	
  system.	
  The	
  octahedral	
  

Zn-­‐O-­‐C	
  clusters	
  are	
  linked	
  by	
  the	
  NO2	
  functionalized	
  biphenyldicarboxylate	
  struts.	
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Figure	
  2.22	
  Crystal	
  structure	
  of	
  ZnNO2BPDC.	
  Atom	
  colors:	
  C	
  grey,	
  O	
  red,	
  
Zn	
  orange.	
  To	
  clarify	
  the	
  interpenetrated	
  framework,	
  linkers	
  are	
  shown	
  as	
  
single	
  lines.	
  

	
  

Due	
   to	
   the	
   low	
  crystal	
  quality,	
   the	
  ZnNH2BPDC	
   structure	
   could	
  not	
  be	
  measured	
  by	
   single	
  

crystal	
  X-­‐ray	
  measurements.	
  PXRD	
  measurements	
  were	
  used	
  for	
  the	
  structural	
  elucidation	
  of	
  

ZnNH2BPDC.	
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2.3.1.2	
   Powder	
   X-­‐Ray	
   Diffraction	
   (PXRD)	
   Measurements	
   of	
   ZnBrBPDC,	
   ZnNO2BPDC	
   and	
  
ZnNH2BPDC	
  
	
  

The	
  PXRD	
  pattern	
  of	
  the	
  as-­‐synthesized	
  ZnBrBPDC	
  shows	
  a	
  pattern	
  similar	
  to	
  the	
  calculated	
  

PXRD	
  pattern	
  of	
  the	
  crystals.	
  The	
  splitting	
  of	
  the	
  reflection	
  at	
  2ϴ	
  =	
  7.4°	
  can	
  be	
  attributed	
  to	
  

the	
   interpenetrated	
   structure	
   of	
   ZnBrBPDC	
   which	
   resembles	
   the	
   PXRD	
   pattern	
   of	
   the	
  

interpenetrated	
  IRMOF-­‐9	
  (linker:	
  4,4´-­‐biphenyldicarboxylic	
  acid).123	
  	
  	
  

The	
  PXRD	
  pattern	
  of	
   the	
  ZnBrBPDC	
   crystals	
  activated	
  with	
  acetone	
   is	
  also	
  shown	
   in	
  Figure	
  

2.23.	
   	
  Before	
  the	
  measurements,	
  crystals	
  were	
  kept	
   in	
  dry	
  acetone	
  for	
  one	
  day	
   in	
  order	
  to	
  

remove	
   DMF	
   and	
   the	
   residues	
   of	
   the	
   starting	
   materials.	
   When	
   the	
   PXRD	
   pattern	
   of	
   the	
  

acetone	
  exchanged	
  ZnBrBPDC	
  crystals	
  is	
  compared	
  with	
  the	
  as-­‐synthesized	
  system	
  and	
  the	
  

calculated	
  pattern,	
  a	
  slight	
  shift	
  to	
   lower	
  degrees	
  was	
  observed	
  for	
  all	
  reflections.	
  This	
  can	
  

be	
   due	
   to	
   using	
   different	
   instruments	
   having	
   different	
   calibrations.	
   The	
   disappearance	
   of	
  

some	
  peaks	
  becomes	
  obvious.	
   This	
   can	
  be	
  due	
   to	
   the	
   removal	
  of	
   solvents	
   from	
   the	
  pores	
  

which	
  causes	
  a	
  flexible	
  movement	
  of	
  organic	
  struts.126	
  The	
  broadening	
  of	
  the	
  reflections	
  at	
  

2ϴ	
  =	
  7.0°	
  and	
  11.2°	
  can	
  be	
  attributed	
  to	
  a	
  loss	
  of	
  crystallinity.127	
  	
  

	
  

Figure	
  2.23	
  PXRD	
  patterns	
  of	
  ZnBrBPDC.	
  Calculated	
  pattern	
   from	
  
the	
  crystal	
   structure	
   (black),	
   as-­‐synthesized	
   sample	
   (red)	
  and	
   the	
  
acetone	
  exchanged	
  sample	
  (blue).	
  



Metal	
  Organic	
  Frameworks	
  

31	
  
	
  

The	
  PXRD	
  pattern	
  of	
  ZnNO2BPDC	
   reveals	
   reflections	
   very	
   similar	
   to	
   the	
   calculated	
  pattern	
  

(Figure	
   2.24).	
   A	
   splitting	
   of	
   the	
   reflection	
   at	
   2ϴ	
   =	
   7.2°	
   can	
   again	
   be	
   attributed	
   to	
   an	
  

interpenetrated	
   structure.	
   For	
   the	
   acetone	
   exchanged	
   samples,	
   the	
   PXRD	
   pattern	
   shows	
  

almost	
  the	
  same	
  positions	
  of	
  the	
  reflections	
  of	
  the	
  as-­‐synthesized	
  one,	
  but	
  a	
  strong	
  change	
  is	
  

observed	
  in	
  the	
  intensities	
  of	
  the	
  reflections.	
  While	
  the	
  intensities	
  of	
  the	
  reflections	
  at	
  2ϴ	
  =	
  

5.2°,	
   7.2°	
   and	
   7.4°	
   decrease,	
   the	
   intensity	
   of	
   	
   the	
   reflection	
   at	
   2ϴ	
   =	
   10.3°	
   increases.	
  

Differences	
   in	
  the	
   intensities	
  of	
  the	
  reflections	
  can	
  be	
  attributed	
  to	
  guest	
  molecules	
   in	
  the	
  

pores.	
  In	
  general	
  materials	
  having	
  large	
  pores	
  which	
  are	
  accessible	
  to	
  guest	
  molecules	
  show	
  

reflection	
   intensities	
  highly	
  dependent	
  on	
  the	
  amount	
  and	
  scattering	
  power	
  of	
   the	
  species	
  

located	
   inside	
  the	
  cavities	
  especially	
   the	
  reflections	
  at	
   low	
  angles.45	
  Such	
  a	
  behavior	
   is	
  not	
  

observed	
  for	
  the	
  ZnBrBPDC	
  pattern.	
  This	
  can	
  be	
  attributed	
  to	
  an	
  insufficient	
  removal	
  of	
  the	
  

guest	
  molecules	
   from	
   ZnBrBPDC	
   samples.	
   Contrary	
   to	
   ZnBrBPDC,	
   the	
   acetone	
   exchanged	
  

sample	
  of	
  ZnNO2BPDC	
  shows	
  almost	
  no	
  peak	
  broadening.	
  The	
  slight	
  shift	
  to	
  higher	
  degrees	
  

was	
   also	
   observed	
   for	
   all	
   reflections	
   which	
   can	
   be	
   again	
   explained	
   as	
   the	
   different	
  

instruments	
  with	
  different	
  calibrations.	
  

	
  

Figure	
   2.24	
   PXRD	
   patterns	
   ZnNO2BPDC.	
   The	
   calculated	
   pattern	
  
from	
  the	
  crystal	
  structure	
  (black),	
  the	
  as-­‐synthesized	
  sample	
  (red)	
  
and	
  the	
  acetone	
  exchanged	
  sample	
  (blue).	
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Figure	
   2.25	
   shows	
   the	
   PXRD	
   patterns	
   of	
   ZnNH2BPDC	
   and	
   the	
   calculated	
   pattern	
   from	
   the	
  

crystal	
   structure	
   of	
   IRMOF-­‐9.	
   Before	
   the	
   measurements,	
   the	
   crystals	
   were	
   kept	
   in	
   dry	
  

acetone	
   for	
   one	
   day	
   in	
   order	
   to	
   remove	
   DMF	
   and	
   the	
   residues	
   of	
   the	
   starting	
  materials.	
  

Although,	
   comparison	
   of	
   the	
   ZnNH2BPDC	
   patterns	
   with	
   the	
   calculated	
   IRMOF-­‐9	
   patterns	
  

shows	
  peaks	
  at	
  almost	
  similar	
  2ϴ	
  angles,	
  it	
  clearly	
  demonstrates	
  that	
  after	
  solvent	
  exchange,	
  

the	
   structure	
   loses	
   its	
   crystallinity.	
   When	
   the	
   ZnNH2BPDC	
   pattern	
   is	
   compared	
   with	
   the	
  

acetone	
   exchanged	
   samples	
   of	
   ZnBrBPDC	
   and	
   ZnNO2BPDC,	
   almost	
   same	
   reflections	
   are	
  

observed.	
   Low	
   intensities	
   of	
   the	
   reflections	
   at	
   low	
   angles	
   can	
   be	
   again	
   attributed	
   to	
   the	
  

presence	
   of	
   the	
   guest	
  molecules	
   inside	
   the	
   cavities.	
   A	
   slight	
   shift	
   to	
   lower	
   degrees	
   in	
   all	
  

reflections	
  can	
  be	
  due	
  to	
  using	
  different	
  instruments	
  having	
  different	
  calibrations.	
  

	
  

Figure	
  2.25	
   PXRD	
  pattern	
  of	
   the	
   acetone	
  exchanged	
  ZnNH2BPDC	
  
sample	
  (red)	
  and	
  the	
  calculated	
  pattern	
  of	
  IRMOF-­‐9	
  (black).	
  

	
  

2.3.1.3	
  Thermogravimetric	
  Analysis	
  (TGA)	
  of	
  ZnBrBPDC,	
  ZnNO2BPDC	
  and	
  ZnNH2BPDC	
  
	
  

The	
   stability	
  of	
   the	
  MOF	
  samples	
  was	
  determined	
  using	
   thermogravimetric	
  analysis	
   (TGA).	
  

Before	
   the	
  measurements,	
   the	
   samples	
  were	
   soaked	
   into	
   acetone	
   to	
   remove	
   the	
   solvents	
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and	
   the	
   unreacted	
   starting	
  materials	
   from	
   the	
   pores.	
   The	
  measurements	
  were	
   performed	
  

under	
  ambient	
  atmosphere	
  at	
  a	
  constant	
  heating	
  rate	
  of	
  5	
  °C	
  min-­‐1	
  from	
  room	
  temperature	
  

up	
  to	
  600	
  °C.	
  	
  

For	
  ZnBrBPDC,	
  two	
  weight	
  loss	
  steps	
  were	
  observed:	
  the	
  first	
  one	
  starting	
  at	
  100	
  °C	
  can	
  be	
  

attributed	
  to	
  a	
  loss	
  of	
  solvents	
  (DMF,	
  water)	
  which	
  is	
  compatible	
  with	
  the	
  elemental	
  analysis	
  

data.	
  The	
  second	
  mass	
  loss	
  above	
  400	
  °C	
  can	
  be	
  attributed	
  to	
  the	
  complete	
  collapse	
  of	
  the	
  

structure	
   as	
   a	
   result	
   of	
   linker	
   decomposition.	
   According	
   to	
   the	
   TGA	
   results,	
   it	
   can	
   be	
  

concluded	
  that	
  ZnBrBPDC	
  is	
  stable	
  up	
  to	
  400	
  °C	
  (Figure	
  2.26).	
  

	
  

Figure	
  2.26	
  TGA	
  of	
  evacuated	
  ZnBrBPDC.	
  

	
  

Elemental	
  analysis	
  results	
  can	
  be	
  also	
  used	
  to	
  determine	
  the	
  composition	
  of	
  the	
  evacuated	
  

ZnBrBPDC	
  sample	
  (Table	
  2.2).	
  The	
  results	
  reveal	
  that	
  the	
  weight	
  loss	
  of	
  5.73	
  %	
  up	
  to	
  250	
  °C	
  

in	
  TGA	
  belongs	
  to	
  DMF	
  molecules	
  (5.91	
  wt.	
  %).	
  According	
  to	
  the	
  elemental	
  analysis,	
   it	
  also	
  

becomes	
  clear	
  that	
  2.49	
  wt.	
  %	
  of	
  linker	
  3	
  remained	
  inside	
  the	
  pores	
  of	
  ZnBrBPDC.	
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Table	
   2.2	
   Calculated	
   and	
   found	
   elemental	
  
composition	
  of	
  evacuated	
  ZnBrBPDC.	
  

C42H18Br6O13Zn4·∙(DMF)1.30·∙(C14H6Br2O4)0.10	
  

	
   C	
   H	
   N	
  

Calculated	
  	
   35.26	
  %	
   1.75	
  %	
   1.13	
  %	
  

Found	
   35.37	
  %	
   1.66	
  %	
   1.20	
  %	
  

	
  

For	
  ZnNO2BPDC,	
  two	
  weight	
  loss	
  steps	
  were	
  observed	
  too:	
  the	
  first	
  one	
  between	
  100	
  °C	
  and	
  

300	
  °C	
  is	
  due	
  to	
  the	
  solvents	
  (DMF,	
  water)	
  in	
  the	
  pores.	
  The	
  second	
  mass	
  loss	
  above	
  300	
  °C	
  

can	
   be	
   attributed	
   to	
   the	
   collapse	
   of	
   structure	
   as	
   a	
   result	
   of	
   the	
   linker	
   decomposition.	
  

ZnNO2BPDC	
  is	
  stable	
  up	
  to	
  350	
  °C	
  (Figure	
  2.27).	
  

	
  

Figure	
  2.27	
  TGA	
  of	
  evacuated	
  ZnNO2BPDC.	
  

The	
  elemental	
  analysis	
  of	
  an	
  evacuated	
  ZnNO2BPDC	
  sample	
  is	
  in	
  agreement	
  with	
  the	
  TGA.	
  It	
  

shows	
   14.16	
   wt.	
   %	
   of	
   solvent	
   in	
   the	
   pores.	
   According	
   to	
   TGA,	
   the	
   solvent	
   amount	
   is	
  

calculated	
   as	
   13.80	
   wt.	
   %.	
   It	
   is	
   also	
   noticed	
   that,	
   besides	
   solvent	
   molecules,	
   pores	
   also	
  

contain	
  molecules	
  of	
  linker	
  5	
  used	
  in	
  the	
  synthesis	
  (Table	
  2.3).	
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Table	
   2.3	
   Calculated	
   and	
   found	
   elemental	
  
composition	
  of	
  evacuated	
  ZnNO2BPDC.	
  

C42H18N6O25Zn4·∙(DMF)3.35·∙(H2O)0.15·∙(C14H8N2O8)0.70	
  

	
   C	
   H	
   N	
  

Calculated	
  	
   42.49	
  %	
   2.73	
  %	
   8.61	
  %	
  

Found	
   43.83	
  %	
   4.08	
  %	
   7.26	
  %	
  

	
  

ZnNH2BPDC	
   shows	
   the	
   same	
   behavior	
   in	
   the	
   TGA	
  with	
   two	
  weight	
   loss	
   steps.	
  When	
   it	
   is	
  

compared	
  to	
  the	
  two	
  other	
  MOFs,	
  the	
  most	
  remarkable	
  difference	
  is	
  the	
  higher	
  ZnO	
  amount	
  

(22.96	
   wt.	
   %).	
   This	
   is	
   due	
   to	
   the	
   lower	
   mass	
   of	
   the	
   functional	
   group	
   –NH2	
   in	
   the	
   linker	
  

compared	
  to	
  –Br	
  and	
  –NO2.	
  ZnNH2BPDC	
  is	
  stable	
  up	
  to	
  380	
  °C	
  (Figure	
  2.28).	
  	
  

	
  

Figure	
  2.28	
  TGA	
  of	
  evacuated	
  ZnNH2BPDC.	
  

	
  

The	
  elemental	
  analysis	
  of	
  an	
  evacuated	
  ZnNH2BPDC	
  sample	
  reveals	
  results	
  compatible	
  with	
  

the	
   TGA	
   data.	
   According	
   to	
   the	
   elemental	
   analysis,	
   the	
   solvent	
   amount	
   in	
   the	
   pores	
   is	
  

calculated	
  to	
  6.57	
  wt.	
  %,	
  compared	
  to	
  6.72	
  wt.	
  %	
  from	
  the	
  TGA	
  results.	
   It	
   is	
  also	
  observed	
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that	
  besides	
  solvent	
  molecules,	
  the	
  pores	
  of	
  the	
  sample	
  contain	
  some	
  of	
  the	
  linker	
  7	
   (3.38	
  

wt.	
  %)	
  used	
  in	
  the	
  synthesis	
  (Table	
  2.4).	
  

Table	
   2.4	
   Calculated	
   and	
   found	
   elemental	
  
composition	
  of	
  evacuated	
  ZnNH2BPDC.	
  

C42H30N6O13Zn4·∙(DMF)1.00·∙(H2O)0.35·∙(C14H12N2O4)0.15	
  

	
   C	
   H	
   N	
  

Calculated	
  	
   46.35	
  %	
   2.78	
  %	
   7.72	
  %	
  

Found	
   47.04	
  %	
   3.49	
  %	
   8.26	
  %	
  

	
  

2.3.1.4	
  13C	
  CP-­‐MAS	
  NMR	
  Measurements	
  of	
  ZnBrBPDC,	
  ZnNO2BPDC	
  and	
  ZnNH2BPDC	
  
	
  

The	
   chemical	
   structure	
   of	
   the	
   MOF	
   materials	
   was	
   further	
   confirmed	
   by	
   solid	
   state	
   NMR	
  

measurements.	
   Due	
   to	
   the	
   cubic	
   structure	
   of	
   the	
   MOFs,	
   one	
   would	
   expect	
   one	
   set	
   of	
  

resonances	
  in	
  the	
  solid	
  state	
  13C	
  NMR	
  spectra	
  for	
  each	
  chemically	
  inequivalent	
  carbon	
  atom	
  

of	
   the	
  biphenyl	
   linkers.	
  This	
  may	
  be	
  modified	
  due	
  to	
  the	
   fact	
   that	
   the	
  rotation	
  around	
  the	
  

central	
  C-­‐C	
  bond	
  might	
  be	
  hindered	
  leading	
  to	
  different	
  rotamers.	
  However,	
  the	
  differences	
  

in	
   chemical	
   shift	
   for	
   these	
   rotamers	
   should	
  be	
   small	
  with	
   respect	
   to	
   the	
   resolution	
  of	
   the	
  

solid	
  state	
  NMR	
  spectroscopy.	
  	
  

	
  

All	
  solid	
  state	
  13C	
  CP-­‐MAS	
  NMR	
  spectra	
  of	
  the	
  MOF	
  materials	
  give	
  two	
  very	
  small	
  signals	
  at	
  

about	
  30-­‐35	
  ppm,	
  corroborating	
  the	
  presence	
  of	
  small	
  amounts	
  of	
  DMF	
  in	
  the	
  cavities.	
  The	
  

solid	
  state	
  13C	
  CP-­‐MAS	
  NMR	
  spectrum	
  of	
  ZnBrBPDC	
  shows	
  five	
  signals	
  in	
  the	
  aromatic	
  region	
  

which	
   are	
   in	
   complete	
   agreement	
  with	
   the	
   seven	
   resonances	
   of	
   the	
   precursor	
   compound	
  

(Figure	
   2.29).	
  While	
   some	
   of	
   the	
   resonances	
   are	
   quite	
   sharp,	
   the	
   others	
   tend	
   to	
   become	
  

broad.	
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Figure	
   2.29	
   13C	
   CP-­‐MAS	
  NMR	
   spectrum	
  of	
  ZnBrBPDC	
   (black)	
   and	
   high	
   resolution	
   13C	
  NMR	
  
spectrum	
  of	
  the	
  linker	
  3	
  (red).	
  

	
  

The	
   situation	
   is	
   different	
   with	
   ZnNO2BPDC	
   (Figure	
   2.30)	
   that	
   looks	
   like	
   if	
   some	
   of	
   the	
  

resonances	
  have	
  become	
  doubled.	
  The	
  bulky	
  nitro	
  groups	
   in	
   two	
  of	
   the	
  meta-­‐positions	
  of	
  

the	
   phenylene	
   linker	
   probably	
   hinder	
   the	
   free	
   rotation	
   around	
   the	
   central	
   C-­‐C	
   bond	
   and	
  

therefore	
  give	
  rise	
  to	
  the	
  presence	
  of	
  rotamers	
  on	
  the	
  NMR	
  time	
  scale.	
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Figure	
  2.30	
  13C	
  CP-­‐MAS	
  NMR	
  spectrum	
  of	
  ZnNO2BPDC	
  (black)	
  and	
  high	
  resolution	
  13C	
  NMR	
  
spectrum	
  of	
  the	
  linker	
  5	
  (red).	
  

	
  

The	
   NMR	
   spectrum	
   of	
   ZnNH2BPDC	
   (Figure	
   2.31)	
   shows	
   broader	
   resonances	
   than	
   of	
  

ZnBrBPDC	
  but	
   in	
  general	
  the	
  number	
  of	
  resonances	
   is	
  correct.	
  This	
  might	
   indicate	
  that	
  the	
  

internal	
  rotations	
  of	
  the	
  biphenyl	
  unit	
  are	
  near	
  to	
  the	
  NMR	
  timescale.	
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Figure	
  2.31	
  13C	
  CP-­‐MAS	
  NMR	
  spectrum	
  of	
  ZnNH2BPDC	
   (black)	
  and	
  high	
  resolution	
  13C	
  NMR	
  
spectrum	
  of	
  the	
  linker	
  7	
  (red).	
  

	
  

2.3.1.5	
  IR	
  Measurements	
  of	
  ZnBrBPDC,	
  ZnNO2BPDC	
  and	
  ZnNH2BPDC	
  
	
  

Figure	
   2.32	
   shows	
   the	
   infrared	
   spectra	
   of	
   the	
   synthesized	
  MOFs	
   and	
   their	
   corresponding	
  

linkers.	
  While	
   the	
   dicarboxylic	
   acid	
   precursors	
  3,	
  5	
   and	
  7	
   exhibit	
   intense	
   C=O	
   absorptions	
  

around	
  1690	
  cm-­‐1,	
  typical	
  for	
  aromatic	
  carboxylic	
  acids	
  associated	
  by	
  hydrogen	
  bonds,	
  the	
  –

CO2	
  fragments	
  of	
  the	
  MOF	
  materials	
  give	
  rise	
  for	
  absorptions	
  at	
  around	
  1600	
  and	
  1450	
  cm-­‐1,	
  

which	
  again	
  is	
  typical	
  for	
  symmetrically	
  coordinating	
  carboxylate	
  anions.	
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Figure	
   2.32	
   IR	
   spectra	
   of	
   ZnBrBPDC,	
   ZnNO2BPDC	
   and	
  
ZnNH2BPDC	
  (black)	
  and	
  their	
  linkers	
  3,	
  5	
  and	
  7	
  (red).	
  

	
  

2.3.1.6	
  N2	
  Adsorption	
  Measurements	
  of	
  ZnBrBPDC,	
  ZnNO2BPDC	
  and	
  ZnNH2BPDC	
  
	
  

The	
  samples	
  were	
  activated	
  at	
  a	
  pressure	
  of	
  p	
  <	
  1·∙10-­‐5	
  mbar	
  and	
  at	
  a	
  temperature	
  of	
  353	
  K	
  

overnight.	
  The	
  BET	
  equation	
  was	
  used	
  to	
  determine	
  the	
  specific	
  surface	
  areas	
  of	
  the	
  samples	
  

in	
   the	
   pressure	
   range	
   of	
   0.01	
   to	
   0.05	
   p/p0.	
   All	
   three	
   samples	
   showed	
   a	
   reversible	
   Type	
   I	
  

isotherm	
  which	
  is	
  typical	
  for	
  a	
  microporous	
  material	
  (Figure	
  2.33).37	
  	
  

In	
  order	
  to	
  compare	
  with	
  analogue	
  MOFs,	
  Langmuir	
  and	
  BET	
  models	
  were	
  used	
  to	
  calculate	
  

the	
  specific	
  surface	
  areas.	
  The	
  micropore	
  volume	
  was	
  evaluated	
  with	
  the	
  t-­‐plot	
  method.	
  In	
  

general	
   the	
  synthesized	
  MOFs	
  show	
  comparable	
  pore	
  sizes	
   in	
  comparison	
   to	
   the	
  analogue	
  

MOFs.	
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Figure	
   2.33	
   N2	
   adsorption	
   (close	
   circles)	
   and	
   desorption	
   (open	
  
circles)	
   isotherms	
   of	
   ZnBrBPDC	
   (black),	
   ZnNO2BPDC	
   (blue)	
   and	
  
ZnNH2BPDC	
  (red).	
  

	
  

For	
  ZnBrBPDC,	
  the	
  specific	
  surface	
  area	
  was	
  calculated	
  as	
  1300	
  m2/g.	
  When	
  it	
   is	
  compared	
  

with	
   IRMOF-­‐2	
   (linker:	
  2-­‐bromobenzene-­‐1,4-­‐dicarboxylic	
  acid)	
   it	
  shows	
  a	
   lower	
  surface	
  area	
  

although	
   ZnBrBPDC	
   contains	
   a	
   longer	
   linker	
   (Table	
   2.5).	
   This	
   is	
   due	
   to	
   the	
   non-­‐

interpenetrated	
   structure	
   of	
   IRMOF-­‐2.	
   On	
   the	
   other	
   hand,	
   when	
   it	
   is	
   compared	
   to	
  

interpenetrated	
  IRMOF-­‐9	
  structure	
  (linker:	
  4,4´-­‐biphenyldicarboxylic	
  acid),	
  ZnBrBPDC	
  shows	
  

lower	
  surface	
  area	
  due	
  to	
  the	
  presence	
  of	
  bulky	
  bromine	
  atoms	
  in	
  the	
  structure.	
  	
  

In	
   the	
   case	
   of	
   ZnNO2BPDC,	
   the	
   obtained	
   surface	
   area	
   is	
   higher	
   than	
   both	
   IRMOF-­‐2	
   and	
  

IRMOF-­‐9.	
  Although	
  an	
  interpenetrated	
  structure	
  was	
  obtained	
  like	
  for	
  ZnBrBPDC,	
  the	
  higher	
  

surface	
  area	
  can	
  be	
  the	
  result	
  of	
  a	
  well	
  activated	
  sample	
  before	
  N2	
  adsorption.	
  

A	
  considerably	
   low	
  surface	
  area	
  of	
  ZnNH2BPDC	
  was	
  observed	
  compared	
  to	
  IRMOF-­‐3	
  which	
  

contains	
  the	
  2-­‐aminobenzene-­‐1,4-­‐dicarboxylic	
  acid	
   linker.	
  This	
  difference	
  can	
  be	
  attributed	
  

to	
   the	
   interpenetrated	
   structure	
   of	
   ZnNH2BPDC.	
   Moreover,	
   another	
   important	
   point	
   in	
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adsorptive	
   evaluation,	
   which	
   is	
   the	
   activation	
   method	
   used	
   before	
   the	
   adsorption	
  

measurements,	
  might	
  have	
  also	
  affected	
  the	
  BET	
  surface	
  area.	
  	
  

Table	
   2.5	
   Comparison	
   of	
   the	
   porosity	
   measurements	
   of	
   ZnBrBPDC,	
   ZnNO2BPDC	
   and	
  
ZnNH2BPDC	
  with	
  the	
  analogue	
  MOFs.123	
  	
  	
  

	
   ALANG	
  (m2/g)	
   ABET	
  (m2/g)	
   Vp	
  (cm3/g)	
  

IRMOF-­‐2	
   2544	
   1722	
   0.88	
  

IRMOF-­‐3	
   3062	
   2446	
   1.07	
  

IRMOF-­‐9	
   2613	
   1904	
   0.90	
  

ZnBrBPDC	
   1403	
   1300	
   0.53	
  

ZnNO2BPDC	
   2206	
   2000	
   0.83	
  

ZnNH2BPDC	
   1087	
   1100	
   0.43	
  

Acronyms:	
  ALANG;	
  Langmuir	
  surface	
  area,	
  ABET;	
  BET	
  surface	
  area,	
  Vp;	
  measured	
  pore	
  volume.	
  

Although	
   all	
   three	
   MOFs	
   were	
   highly	
   affected	
   by	
   interpenetration,	
   their	
   specific	
   surface	
  

areas	
  are	
  still	
  larger	
  than	
  those	
  of	
  zeolites	
  or	
  mesoporous	
  materials.	
  

	
  

2.3.2	
  Adsorption	
  of	
  Light	
  Alkanes	
  (C1	
  –	
  C4)	
  at	
  Different	
  Temperatures	
  
	
  

Recently,	
  metal	
  organic	
  frameworks	
  are	
  found	
  to	
  be	
  good	
  alternatives	
  to	
  zeolites	
  and	
  other	
  

nonporous	
  materials	
   in	
   terms	
  of	
   their	
   adsorption	
  properties.128-­‐130	
  Most	
  of	
   the	
   adsorption	
  

studies	
  are	
  concentrated	
  on	
  H2	
  and	
  CO2	
  adsorptions	
  131-­‐136	
  and	
  there	
  are	
  few	
  studies	
  based	
  

on	
  the	
  alkane	
  adsorption	
  137,138	
  of	
  MOFs.	
  	
  

	
  

In	
   this	
   study,	
   ZnBrBPDC,	
   ZnNO2BPDC	
   and	
   ZnNH2BPDC	
   were	
   tested	
   for	
   their	
   adsorption	
  

behaviors	
  on	
  light	
  (short	
  chain)	
  alkanes	
   in	
  order	
  to	
  determine	
  their	
  separation	
  and	
  storage	
  

capabilities.	
   Adsorption	
   measurements	
   for	
   ZnBrBPDC,	
   ZnNO2BPDC	
   and	
   ZnNH2BPDC	
   were	
  

performed	
  at	
   three	
  different	
   temperatures	
   (273	
  K,	
   293	
  K	
   and	
  313	
  K)	
   for	
   the	
  pure	
   alkanes	
  

CH4,	
  C2H6,	
  C3H8,	
  and	
  n-­‐C4H10	
  using	
  a	
  static	
  volumetric	
  method	
  at	
  the	
  given	
  temperatures.	
  The	
  

adsorbent	
  was	
  activated	
  over	
  night	
  at	
  a	
  pressure	
  of	
  p	
  <	
  10-­‐5	
  mbar	
  and	
  298	
  K.	
  The	
  isotherms	
  

were	
  measured	
  in	
  a	
  thermostated	
  system.	
  A	
  separation	
  valve	
  H12	
  was	
  placed	
  between	
  the	
  

dosing	
   valve	
  H11	
  and	
   the	
   adsorption	
   vessel.	
   The	
  desired	
  pressure	
  was	
   adjusted	
   and	
   valve	
  

H12	
  was	
  rapidly	
  opened.	
  The	
  adsorbed	
  amounts	
  were	
  determined	
  by	
  the	
  pressure	
  changes	
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in	
   the	
   system	
   compared	
  with	
   the	
   calibration	
  measurement.	
   The	
   volumes	
   of	
   the	
   different	
  

parts	
   of	
   the	
   apparatus	
   and	
   the	
  weight	
   of	
   the	
   sorbent	
   have	
   been	
   taken	
   into	
   account.	
   The	
  

pressure	
  change	
  in	
  the	
  sorption	
  vessel	
  was	
  measured	
  with	
  a	
  high-­‐accuracy	
  piezo-­‐membrane	
  

transmitter	
  of	
  type	
  Ceravac	
  CTR100.	
  	
  

	
  

All	
   synthesized	
  materials	
   show	
   the	
   similar	
   adsorption	
   isotherms	
   for	
   the	
   same	
   gas	
   (Figure	
  

2.34).	
   At	
   273	
   K,	
   while	
   n-­‐butane	
   and	
   propane	
   were	
   adsorbed	
   very	
   efficiently,	
   ethane	
   and	
  

methane	
  showed	
  weak	
  affinities	
  to	
  the	
  materials.	
  This	
   low	
  affinity	
  of	
  methane	
  and	
  ethane	
  

can	
  be	
  due	
  to	
  the	
  large	
  pores	
  which	
  are	
  between	
  micropores	
  to	
  mesopores	
  levels.138	
  Almost	
  

same	
  amount	
  of	
  methane	
  adsorption	
  was	
  observed	
  for	
  all	
  three	
  MOFs	
  (Table	
  2.6).	
  	
  

Although,	
   ZnNO2BPDC	
   showed	
   the	
   highest	
   ethane	
   uptake	
   when	
   compared	
   to	
   other	
   two	
  

MOFs,	
   in	
   the	
   adsorption	
   of	
   propane	
   and	
   n-­‐butane	
   maximum	
   loadings	
   were	
   obtained	
   by	
  	
  	
  

ZnBrBPDC	
  and	
  ZnNH2BPDC.	
  For	
  propane	
  and	
  n-­‐butane,	
  saturation	
  was	
  observed	
  for	
  all	
  three	
  

MOFs.	
  Maximum	
   loadings	
   of	
   3.50	
   –	
   4.30	
  mmol/g	
   of	
  n-­‐butane	
   and	
   4.00	
   –	
   4.50	
  mmol/g	
   of	
  

propane	
  indicate	
  high	
  capacities	
  for	
  the	
  storage	
  of	
  these	
  two	
  gases	
  in	
  synthesized	
  the	
  MOFs	
  

at	
  273	
  K.	
  	
  

Table	
  2.6	
  Maximum	
  loadings	
  of	
  the	
  adsorbents	
  at	
  273	
  K.	
  

	
   CH4	
   C2H6	
   C3H8	
   n-­‐C4H10	
  

ZnBrBPDC	
   0.44	
  mmol/g	
   1.66	
  mmol/g	
   4.52	
  mmol/g	
   4.31	
  mmol/g	
  

ZnNO2BPDC	
   0.48	
  mmol/g	
   2.26	
  mmol/g	
   3.86	
  mmol/g	
   3.57	
  mmol/g	
  

ZnNH2BPDC	
   0.44	
  mmol/g	
   2.07	
  mmol/g	
   4.49	
  mmol/g	
   4.19	
  mmol/g	
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Figure	
  2.34	
  Adsorption	
   isotherms	
  of	
  ZnBrBPDC,	
  ZnNO2BPDC	
  and	
  ZnNH2BPDC	
   for	
  the	
  gases	
  
CH4	
  (a),	
  C2H6	
  (b),	
  C3H8	
  (c),	
  n-­‐C4H10	
  (d)	
  at	
  T=	
  273	
  K.	
  

	
  

When	
   the	
   temperature	
  was	
   raised	
   to	
   293	
   K,	
   a	
   decrease	
   at	
   the	
   adsorption	
   capacities	
  was	
  

observed,	
   however,	
   n-­‐butane	
   and	
   propane	
   were	
   still	
   adsorbed	
   with	
   high	
   efficiencies,	
  

saturation	
   was	
   again	
   observed	
   in	
   the	
   adsorption	
   of	
   these	
   two	
   gases	
   for	
   all	
   three	
   MOFs	
  

(Figure	
   2.35).	
   While	
   ZnNO2BPDC	
   shows	
   the	
   highest	
   uptake	
   for	
   methane	
   and	
   ethane,	
  

ZnBrBPDC	
  has	
  a	
  better	
  affinity	
  for	
  propane	
  and	
  n-­‐butane	
  (Table	
  2.7).	
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Table	
  2.7	
  Maximum	
  loadings	
  of	
  the	
  adsorbents	
  at	
  293	
  K.	
  

	
   CH4	
   C2H6	
   C3H8	
   n-­‐C4H10	
  

ZnBrBPDC	
   0.26	
  mmol/g	
   1.17	
  mmol/g	
   4.01	
  mmol/g	
   4.09	
  mmol/g	
  

ZnNO2BPDC	
   0.40	
  mmol/g	
   1.59	
  mmol/g	
   3.79	
  mmol/g	
   3.61	
  mmol/g	
  

ZnNH2BPDC	
   0.26	
  mmol/g	
   1.27	
  mmol/g	
   3.68	
  mmol/g	
   3.83	
  mmol/g	
  

	
  	
  

	
  

	
   	
  

	
   	
  

Figure	
  2.35	
  Adsorption	
   isotherms	
  of	
  ZnBrBPDC,	
  ZnNO2BPDC	
  and	
  ZnNH2BPDC	
   for	
  the	
  gases	
  
CH4	
  (a),	
  C2H6	
  (b),	
  C3H8	
  (c),	
  n-­‐C4H10	
  (d)	
  at	
  T=	
  293	
  K.	
  

	
  

Alkane	
  adsorption	
  at	
  313	
  K	
  shows	
  a	
  decrease	
  for	
  the	
  all	
  three	
  MOFs	
  (Table	
  2.8).	
  As	
  a	
  similar	
  

trend,	
   the	
   maximum	
   uptakes	
   were	
   observed	
   for	
   n-­‐C4H10	
   and	
   the	
   lowest	
   uptakes	
   were	
  

observed	
  for	
  CH4.	
  It	
  is	
  also	
  viewed	
  that,	
  the	
  temperature	
  influence	
  is	
  much	
  more	
  significant	
  

for	
  n-­‐C4H10	
  adsorption	
  of	
  ZnBrBPDC	
  compared	
  to	
  the	
  other	
  gases	
  (Figure	
  2.36).	
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Table	
  2.8	
  Maximum	
  loadings	
  of	
  the	
  adsorbents	
  at	
  313	
  K.	
  

	
   CH4	
   C2H6	
   C3H8	
   n-­‐C4H10	
  

ZnBrBPDC	
   0.27	
  mmol/g	
   0.67	
  mmol/g	
   2.33	
  mmol/g	
   2.95	
  mmol/g	
  

ZnNO2BPDC	
   0.25	
  mmol/g	
   0.88	
  mmol/g	
   2.78	
  mmol/g	
   3.08	
  mmol/g	
  

ZnNH2BPDC	
   0.18	
  mmol/g	
   0.82	
  mmol/g	
   2.56	
  mmol/g	
   2.92	
  mmol/g	
  

	
  

	
  	
  

	
   	
  	
  

	
  

Figure	
  2.36	
  Adsorption	
   isotherms	
  of	
  ZnBrBPDC,	
  ZnNO2BPDC	
  and	
  ZnNH2BPDC	
   for	
  the	
  gases	
  
CH4	
  (a),	
  C2H6	
  (b),	
  C3H8	
  (c),	
  n-­‐C4H10	
  (d)	
  at	
  T=	
  313	
  K.	
  

	
  

For	
   all	
   gases	
   examined,	
   the	
   maximum	
   uptakes	
   were	
   observed	
   at	
   273	
   K.	
   When	
   the	
  

temperature	
  was	
  increased,	
  the	
  amount	
  of	
  the	
  adsorbed	
  gas	
  decreased.	
  This	
  might	
  be	
  due	
  

to	
  the	
  increased	
  thermal	
  energy	
  of	
  the	
  gas	
  molecules	
  at	
  higher	
  temperatures.139	
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As	
   it	
   is	
  mentioned	
  before,	
   all	
   three	
  MOFs	
   showed	
   the	
   higher	
   uptakes	
   to	
   the	
   longer	
   chain	
  

alkanes.	
  A	
  study	
  by	
  Düren	
  et	
  al.	
  on	
  different	
  IRMOF	
  materials	
  explains	
  the	
  higher	
  adsorption	
  

affinities	
   to	
   the	
   longer	
   chain	
   alkanes	
   via	
   sorbate-­‐sorbate	
   and	
   sorbate-­‐framework	
  

interactions.	
  The	
  sorbate-­‐sorbate	
   interaction	
  decreases	
  with	
   increasing	
  cavity	
  size.138	
  Since	
  

ZnBrBPDC,	
  ZnNO2BPDC	
  and	
  ZnNH2BPDC	
  have	
  similar	
  backbones	
  and	
  pore	
  volumes	
  to	
  each,	
  

the	
  sorbate-­‐framework	
  interaction	
  might	
  have	
  a	
  stronger	
  effect	
  on	
  the	
  adsorption	
  behaviors	
  

resulting	
   in	
   a	
   better	
   adsorption	
   of	
   the	
   longer	
   chain	
   alkanes	
   C3H8	
   and	
   n-­‐C4H10.	
   When	
   the	
  

alkane-­‐framework	
  interaction	
  energy	
  increases,	
  the	
  loading	
  also	
  increases	
  and	
  the	
  molecules	
  

are	
   forced	
   to	
   the	
   center	
   of	
   the	
   cavities	
   resulting	
   in	
   higher	
   loadings	
   than	
   shorter	
   chain	
  

alkanes.138	
   Since	
   all	
   three	
  MOFs	
   show	
   strong	
   affinities	
   for	
   n-­‐butane,	
   they	
   might	
   be	
   good	
  

candidates	
  for	
  the	
  separation	
  of	
  n-­‐butane	
  from	
  natural	
  gas.	
  	
  

2.4	
  Amide	
  Functionalized	
  BPDC	
  Linkers	
  

The	
   effect	
   of	
   functional	
   groups	
   on	
   the	
   IRMOF	
   series	
   was	
   also	
   examined	
   by	
   synthesizing	
  

amide	
  functionalized	
  biphenyl	
  linkers.	
  For	
  this	
  purpose,	
  four	
  linkers	
  containing	
  amides	
  with	
  

different	
  alkyl	
  chains	
  (C1-­‐C4)	
  were	
  designed	
  (Scheme	
  2.7).	
  	
  

	
  

Scheme	
  2.7	
  Overall	
  reaction	
  for	
  the	
  synthesis	
  of	
  linkers	
  9,	
  11,	
  13	
  and	
  15.	
  

	
  

Amides	
  can	
  generally	
  be	
  synthesized	
  using	
  acyl	
  chlorides	
  or	
  acid	
  anhydrides	
  in	
  the	
  presence	
  

of	
  a	
  tertiary	
  or	
  secondary	
  amine.140	
  The	
  mechanism	
  with	
  acid	
  anhydrides	
  involves	
  an	
  attack	
  

of	
  the	
  amine	
  to	
  form	
  a	
  zwitterionic	
  intermediate.	
  This	
  intermediate	
  decomposes	
  and	
  forms	
  

the	
  corresponding	
  amide	
  and	
  the	
  carboxylic	
  acid	
  (Scheme	
  2.8).141	
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Scheme	
  2.8	
  Mechanism	
  for	
  the	
  amide	
  formation.	
  

Amide	
  functionalized	
   linkers	
  were	
  synthesized	
  by	
  using	
  the	
  ester	
  6	
  as	
  the	
  starting	
  material	
  

and	
  the	
  corresponding	
  anhydride	
  as	
  the	
  acetylation	
  agent.142	
  After	
  the	
  reaction,	
  the	
  formed	
  

carboxylic	
   acids	
   were	
   removed	
   from	
   the	
   reaction	
  medium	
   by	
   treatment	
   with	
   ammonium	
  

chloride	
  solution.	
  The	
  structure	
  elucidation	
  of	
  compounds	
  8,	
  10,	
  12	
  and	
  14	
  was	
  done	
  with	
  1H	
  

and	
  13C	
  NMR	
  spectroscopy	
  (Figure	
  2.37	
  and	
  2.38).	
  

	
  

	
  

Figure	
  2.37	
  1H	
  NMR	
  spectra	
  of	
  8,10,	
  12	
  and	
  14	
  recorded	
  in	
  DMSO-­‐d6.	
  

The	
  1H	
  NMR	
  spectra	
  of	
  the	
  amide	
  functionalized	
  biphenyls	
  show	
  four	
  peaks	
  in	
  the	
  aromatic	
  

region.	
   For	
   all	
   of	
   them,	
   the	
   NH	
   protons	
   resonate	
   at	
   8.90	
   ppm	
   as	
   a	
   singlet.	
   Protons	
  

neighboring	
  the	
  amide	
  groups	
  (H3)	
  appear	
  as	
  a	
  doublet	
  at	
  8.30	
  ppm	
  with	
  a	
  coupling	
  constant	
  

1.8	
  Hz	
  for	
  all	
  amide	
  derivatives.	
  The	
  aromatic	
  protons	
  H5	
  and	
  H6	
  give	
  a	
  doublet	
  of	
  doublet	
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and	
   a	
   doublet	
   respectively	
   as	
   expected.	
   The	
   coupling	
   constants	
   for	
   the	
   H5	
   protons	
   were	
  

measured	
   as	
   8.0	
   Hz	
   and	
   1.8	
   Hz	
   indicating	
   the	
   couplings	
   with	
   the	
   H6	
   and	
   H3	
   protons	
  

respectively.	
   The	
   –OCH3	
   groups	
   resonate	
   as	
   a	
   singlet	
   at	
   3.88	
   ppm	
   in	
   all	
   four	
   esters.	
   The	
  

methyl	
  groups	
  in	
  compound	
  8	
  bound	
  to	
  the	
  carbonyl	
  group	
  appear	
  as	
  a	
  singlet	
  at	
  1.85	
  ppm.	
  

In	
  compound	
  10,	
  although	
  a	
  quartet	
  was	
  expected	
  for	
  the	
  –CH2	
  groups	
  (H11),	
  a	
  doublet	
  of	
  a	
  

quartet	
  is	
  observed.	
  	
  Most	
  probably	
  the	
  H11	
  protons	
  are	
  coupling	
  with	
  the	
  –NH	
  protons	
  and	
  

therefore	
  appear	
  as	
  a	
  doublet	
  of	
  a	
  quartet	
  (Figure	
  2.38).	
  In	
  compounds	
  12	
  and	
  14,	
  the	
  H11	
  

protons	
   also	
   resonate	
   as	
   a	
   multiplet.	
   The	
   methyl	
   groups;	
   H13	
   in	
   12	
   and	
   H14	
   in	
   14	
   give	
  

triplets.	
  	
  	
  

	
  

	
  

Figure	
  2.38	
  1H	
  NMR	
  spectrum	
  of	
  10	
  recorded	
  in	
  DMSO-­‐d6.	
  

	
  

As	
  expected,	
  the	
  13C	
  NMR	
  spectra	
  of	
  8,	
  10,	
  12	
  and	
  14	
  reveal	
  ten,	
  eleven,	
  twelve	
  and	
  thirteen	
  

carbons	
   respectively	
   (Figure	
   2.39).	
   The	
   assignments	
   of	
   the	
   carbon	
   atoms	
   were	
   done	
   by	
  

HMBC	
  and	
  HMQC	
  techniques.	
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Figure	
  2.39	
  13C	
  NMR	
  spectra	
  of	
  8,	
  10,	
  12	
  and	
  14	
  recorded	
  in	
  DMSO-­‐d6.	
  

	
  

All	
   amide	
   derivatives	
   were	
   recrystallized	
   from	
   methanol.	
   Among	
   these	
   four	
   compounds,	
  

single	
   crystal	
   X-­‐ray	
  measurements	
   could	
   be	
   applied	
   to	
  8	
   and	
  10.	
   The	
   crystal	
   structures	
   of	
  

these	
  compounds	
  are	
  shown	
  in	
  Figure	
  2.40.	
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Figure	
   2.40	
   Crystal	
   structures	
   of	
   8	
   (top)	
   and	
   10	
   (bottom).	
  
Atom	
  colors:	
  C	
  grey,	
  O	
  red,	
  H	
  white,	
  N	
  blue.	
  

	
  

After	
   the	
   successful	
   synthesis	
  of	
   the	
  amide	
  esters,	
  hydrolysis	
  using	
  KOH	
   in	
  a	
  MeOH/water	
  

mixture	
  yielded	
  desired	
  carboxylic	
  acids	
  (Scheme	
  2.7).	
  Contrary	
  to	
  the	
  previous	
  linkers,	
  the	
  

reactions	
  were	
  performed	
  at	
   room	
   temperature	
   instead	
  of	
   refluxing.	
   It	
  was	
  observed	
   that	
  

applying	
   reflux	
   conditions	
   causes	
   cleavage	
  of	
   the	
  nitrogen-­‐carbonyl	
  bond.	
  Besides,	
   shorter	
  

reaction	
  times	
  resulted	
  in	
  incomplete	
  hydrolysis.	
  	
  

Structure	
   elucidations	
   of	
   the	
   compounds	
  9,	
  11,	
  13	
   and	
  15	
  were	
  done	
  by	
   1H	
   and	
   13C	
  NMR	
  

spectroscopy,	
  showing	
  the	
  disappearance	
  of	
  the	
  –OCH3	
  group	
  which	
  is	
  an	
  obvious	
  evidence	
  

of	
   the	
   formation	
   of	
   the	
   target	
   carboxylic	
   acids.	
   The	
   presence	
   of	
   resonances	
   of	
   the	
   alkyl	
  

chains	
  of	
  the	
  amides	
  gave	
  a	
  good	
  evidence	
  for	
  the	
  successful	
  hydrolysis	
  which	
  did	
  not	
  cause	
  

any	
  cleavage	
  of	
  the	
  nitrogen-­‐carbonyl	
  bond.	
  	
  No	
  other	
  differences	
  were	
  observed	
  for	
  these	
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compounds	
  when	
  compared	
  to	
  the	
  1H	
  and	
  13C	
  NMR	
  spectra	
  of	
  corresponding	
  esters	
  (Figure	
  

2.41	
  and	
  2.42).	
  

	
  

Figure	
  2.41	
  1H	
  NMR	
  spectra	
  of	
  9,	
  11,	
  13	
  and	
  15	
  recorded	
  in	
  DMSO-­‐d6.	
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Figure	
  2.42	
  13C	
  NMR	
  spectra	
  of	
  9,	
  11,	
  13	
  and	
  15	
  recorded	
  in	
  DMSO-­‐d6.	
  

	
  

Another	
  amide	
  linker	
  which	
  has	
  a	
  CF3	
  group	
  bonded	
  to	
  the	
  carboxylate	
  group	
  of	
  the	
  amide	
  

groups	
  was	
  also	
  designed	
  (Scheme	
  2.9).	
  Such	
  a	
  linker	
  could	
  have	
  a	
  good	
  affinity	
  for	
  CO2	
  due	
  

to	
   an	
   increase	
   of	
   polarity	
   of	
   the	
   –NH	
   bond.	
   To	
   synthesize	
   the	
   trifluoroacetamide	
  

functionalized	
   linker	
   16,	
   the	
   previous	
   method	
   described	
   for	
   the	
   other	
   amide	
   linkers	
   was	
  

applied	
   using	
   6	
   as	
   the	
   starting	
   material	
   and	
   trifluoroacetic	
   anyhydride	
   as	
   the	
   acetylation	
  

agent.	
  The	
  1H	
  and	
  13C	
  NMR	
  spectra	
  confirmed	
  synthesis	
  of	
  the	
  desired	
  ester	
  16.	
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Scheme	
  2.9	
  Synthesis	
  route	
  for	
  the	
  trifluromethyl	
  amide	
  funtionalized	
  linker.	
  

	
  

After	
   the	
  successful	
  synthesis	
  of	
   the	
  compound	
  16,	
   the	
  hydrolysis	
  was	
  performed	
  applying	
  

the	
  previously	
  described	
  procedure	
  for	
  the	
  other	
  amides.	
  The	
  1H	
  and	
  13C	
  NMR	
  spectra	
  of	
  the	
  

compound	
  showed	
  that	
  the	
  reaction	
  was	
  resulted	
  not	
  only	
  in	
  the	
  cleavage	
  of	
  the	
  ester	
  group	
  

but	
  also	
  in	
  the	
  cleavage	
  of	
  the	
  amide	
  bond.	
  With	
  this	
  information,	
  the	
  weaker	
  bases	
  NaOH	
  

and	
  LiOH	
  were	
  used	
  instead	
  of	
  KOH.	
  However	
  the	
  same	
  result	
  was	
  obtained.	
  

2.5	
  Synthesis	
  of	
  the	
  Amide	
  Functionalized	
  BPDC	
  MOFs;	
  ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
  
and	
  ZnPeBPDC	
  

First	
   attempts	
   for	
   the	
   synthesis	
   of	
   the	
   amide	
   functionalized	
  MOFs	
  were	
   carried	
   out	
   using	
  

linkers	
  9	
  and	
  13.	
  The	
  procedure	
  used	
  for	
  the	
  synthesis	
  of	
  the	
  ZnNH2BPDC	
  was	
  applied	
  using	
  

125	
  ml	
   PP-­‐bottles.	
   After	
   keeping	
   the	
   reaction	
   bottles	
   for	
   24	
   h	
   in	
   an	
   oven	
   at	
   100	
   °C,	
   the	
  

formation	
  of	
  fine	
  precipitates	
  was	
  observed	
  besides	
  crystal	
  development.	
  	
  

It	
  is	
  known	
  that	
  reaction	
  conditions	
  such	
  as	
  time,	
  temperature,	
  reagent	
  concentrations	
  and	
  

solvent	
   type	
   strongly	
   influence	
   the	
   growth	
   of	
   large,	
   high	
   quality	
   single	
   crystals.	
   Other	
  

important	
   factors	
   on	
   the	
   crystal	
   quality	
   are	
   the	
   type	
   of	
   the	
   vessel	
   and	
   fractional	
   volume	
  

filling	
  of	
  the	
  vessel.	
  This	
  can	
  be	
  explained	
  as	
  the	
  difference	
  in	
  the	
  density	
  of	
  heterogeneous	
  

nucleus	
  sites	
  present	
  on	
  the	
  walls	
  and	
  bottom	
  of	
  the	
  vessel.123	
  	
  	
  

In	
  order	
  to	
  increase	
  the	
  amount	
  of	
  crystal	
  formed,	
  the	
  reaction	
  conditions	
  were	
  optimized	
  by	
  

utilization	
  of	
  different	
  linker	
  to	
  Zn(NO3)2·∙4H2O	
  molar	
  ratios.	
  Instead	
  of	
  large	
  scale	
  reactions	
  

in	
  PP-­‐bottles,	
   these	
  experiments	
  were	
  done	
   in	
  15	
  ml	
  glass	
  vials	
  with	
  small	
  scales	
  to	
  obtain	
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high	
  quality	
  crystals.	
  Temperature	
  was	
  kept	
  constant	
  at	
  100	
  °C	
  and	
  the	
  vials	
  were	
  checked	
  

periodically	
  to	
  determine	
  the	
  time	
  of	
  crystal	
  growth.	
  	
  

For	
  this	
  purpose,	
  the	
  amounts	
  of	
   linkers	
  (9	
  and	
  13)	
  were	
  kept	
  constant	
  (0.02	
  g),	
  4	
  ml	
  DMF	
  

was	
  used	
  as	
  a	
  solvent	
  and	
  the	
  amount	
  of	
  Zn(NO3)2·∙4H2O	
  was	
  changed.	
  The	
  reactants	
  were	
  

introduced	
  into	
  the	
  15	
  ml	
  glass	
  vials	
  and	
  DMF	
  was	
  added.	
  After	
  stirring	
  for	
  15	
  min,	
  the	
  glass	
  

vials	
  were	
  placed	
  in	
  an	
  oven	
  at	
  100	
  °C.	
  

The	
  vials	
  were	
  checked	
  periodically	
  and	
  after	
  24	
  h,	
   the	
  formation	
  of	
  colorless	
  cubic	
  crystal	
  

was	
   observed	
   in	
   vials	
   4	
   to	
   9	
   (Table	
   2.9).	
   It	
   was	
   also	
   observed	
   that,	
   when	
   the	
   linker	
   to	
  

Zn(NO3)2	
  ratio	
  increases,	
  the	
  size	
  of	
  the	
  crystals	
  also	
  increases.	
  For	
  this	
  reason	
  two	
  other	
  sets	
  

were	
  prepared	
  for	
  two	
  linkers,	
  using	
  ratios	
  between	
  1:10	
  and	
  1:15,	
  but	
  no	
  further	
  visible	
  size	
  

change	
  was	
  observed	
  compared	
  to	
  the	
  1:10	
  molar	
  ratio.	
  The	
  following	
  characterizations	
  and	
  

applications	
  of	
  the	
  MOFs	
  were	
  done	
  with	
  the	
  crystals	
  formed	
  using	
  the	
  synthesis	
  conditions	
  

of	
  vial	
  9	
  for	
  linkers	
  9	
  and	
  13.	
  

Table	
  2.9	
  Optimization	
  of	
  the	
  reaction	
  conditions.	
  

	
   	
  

Linker	
  9	
  

	
  

	
  

Linker	
  13	
  

	
  

Linker	
  to	
  

Zn(NO3)2·∙4H2O	
  

molar	
  ratio	
  

Vial	
  1	
   -­‐-­‐-­‐-­‐	
   -­‐-­‐-­‐-­‐	
   1:2	
  

Vial	
  2	
   -­‐-­‐-­‐-­‐	
   -­‐-­‐-­‐-­‐	
   1:3	
  

Vial	
  3	
   -­‐-­‐-­‐-­‐	
   -­‐-­‐-­‐-­‐	
   1:4	
  

Vial	
  4	
   √	
   √	
   1:5	
  

Vial	
  5	
   √	
   √	
   1:6	
  

Vial	
  6	
   √	
   √	
   1:7	
  

Vial	
  7	
   √	
   √	
   1:8	
  

Vial	
  8	
   √	
   √	
   1:9	
  

Vial	
  9	
   √	
   √	
   1:10	
  

	
  

	
  

The	
  influence	
  of	
  the	
  solvent	
  type	
  on	
  the	
  crystal	
  growth	
  was	
  checked	
  by	
  changing	
  the	
  solvent	
  

from	
   DMF	
   to	
   DEF.	
   By	
   using	
   the	
   same	
   conditions	
   as	
   described	
   above,	
   the	
   same	
   type	
   of	
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crystals	
   were	
   obtained.	
   The	
   effect	
   of	
   fractional	
   filling	
   of	
   the	
   vessel	
   was	
   also	
   checked	
   by	
  

changing	
  the	
  solvent	
  amount	
  from	
  4	
  ml	
  to	
  3	
  and	
  5	
  ml.	
  When	
  3	
  ml	
  of	
  solvent	
  was	
  used,	
  the	
  

amount	
  of	
  the	
  crystals	
  was	
  decreased,	
  when	
  5	
  ml	
  of	
  solvent	
  was	
  used,	
  a	
  slight	
  decrease	
  of	
  

the	
  crystal	
  size	
  was	
  observed.	
  SEM	
  pictures	
  of	
  the	
  crystals	
  after	
  optimization	
  of	
  the	
  synthesis	
  

conditions	
  are	
  given	
  below	
  (Figure	
  2.43).	
  

	
  

	
  

	
  

Figure	
  2.43	
  SEM	
  pictures	
  of	
  the	
  MOF	
  crystals	
  synthesized	
  with	
  linker	
  9	
  (top)	
  
and	
  13	
  (bottom).	
  

	
  

The	
   same	
   approach	
   was	
   applied	
   for	
   linkers	
   11	
   and	
   15	
   using	
   the	
   sets	
   below	
   (Table	
   2.10).	
  

0.052	
  mmol	
  (0.02	
  g)	
  of	
   linker	
  11	
  and	
  0.045	
  mmol	
  (0.02	
  g)	
  of	
   linker	
  15	
  were	
  used.	
  Since	
  no	
  

crystal	
  formation	
  was	
  observed	
  with	
  low	
  amounts	
  of	
  Zn(NO3)2·∙4H2O,	
  molar	
  ratios	
  from	
  1:2	
  to	
  

1:4	
  were	
  omitted	
  and	
  molar	
  ratios	
  starting	
  from	
  1:5	
  	
  to	
  1:13	
  were	
  used.	
  

	
  

	
  



Metal	
  Organic	
  Frameworks	
  

57	
  
	
  

Table	
  2.10	
  Optimization	
  of	
  the	
  reaction	
  conditions.	
  

	
   	
  

Linker	
  11	
  

	
  

	
  

Linker	
  15	
  

	
  

Linker	
  to	
  

Zn(NO3)2·∙4H2O	
  

molar	
  ratio	
  

Vial	
  1	
   √	
   √	
   1:5	
  

Vial	
  2	
   √	
   √	
   1:6	
  

Vial	
  3	
   √	
   √	
   1:7	
  

Vial	
  4	
   √	
   √	
   1:8	
  

Vial	
  5	
   √	
   √	
   1:9	
  

Vial	
  6	
   √	
   √	
   1:10	
  

Vial	
  7	
   √	
   √	
   1:11	
  

Vial	
  8	
   √	
   √	
   1:12	
  

Vial	
  9	
   √	
   √	
   1:13	
  

	
  

	
  

The	
   formation	
  of	
   colorless	
   cubic	
   crystals	
  was	
  observed	
   in	
  all	
   vials.	
   It	
  was	
   further	
  observed	
  

that,	
  when	
  the	
   linker	
  to	
  Zn(NO3)2	
  ratio	
   increases,	
  the	
  size	
  of	
  the	
  crystals	
  also	
   increases.	
   	
   In	
  

both	
  sets,	
  the	
  same	
  crystal	
  size	
  and	
  morphology	
  were	
  obtained	
  in	
  the	
  ratios	
  between	
  1:10	
  

and	
   1:13	
   (vial	
   6	
   to	
   13).	
   The	
   conditions	
   of	
   vial	
   6	
   were	
   decided	
   to	
   be	
   used	
   for	
   further	
  

characterization	
   and	
   applications.	
   SEM	
   pictures	
   of	
   the	
   crystals	
   after	
   optimization	
   of	
   the	
  

synthesis	
  conditions	
  are	
  given	
  below	
  (Figure	
  2.44).	
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Figure	
  2.44	
  SEM	
  pictures	
  of	
  the	
  MOF	
  crystals	
  synthesized	
  with	
  linker	
  11	
  (top)	
  
and	
  15	
  (bottom).	
  

These	
  MOFs	
  were	
  named	
  as	
  ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC	
  according	
  to	
  

the	
  amide	
  chain	
  of	
  the	
  linkers	
  (Figure	
  2.45).	
  

	
  

	
  

Figure	
   2.45	
   Linkers	
   used	
   for	
   the	
   synthesis	
   of	
   ZnAcBPDC,	
   ZnPrBPDC,	
   ZnBuBPDC	
   and	
  
ZnPeBPDC.	
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2.5.1	
  Characterization	
  of	
  ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC	
  
	
  

Structural	
  characterization	
  of	
  the	
  synthesized	
  MOFs	
  were	
  carried	
  out	
  by	
  single-­‐crystal	
  X-­‐ray	
  

diffraction,	
  powder	
  X-­‐ray	
  diffraction	
  (PXRD),	
  X-­‐ray	
  absorption	
  spectroscopy,	
  solid	
  state	
  NMR	
  

spectroscopy,	
  IR	
  spectroscopy,	
  thermogravimetric	
  analysis	
  (TGA)	
  and	
  elemental	
  analysis.	
  

	
  

Solvent	
   removal	
   from	
   the	
  MOFs	
   was	
   performed	
   by	
   using	
   different	
   solvents	
   and	
   different	
  

methods.	
   The	
   first	
  method	
   applied	
  was	
   using	
   acetone	
   as	
   the	
   exchanging	
   solvent.	
   The	
   as-­‐

synthesized	
  samples	
  were	
  immersed	
  in	
  acetone	
  and	
  left	
  for	
  soaking	
  for	
  a	
  period	
  of	
  one	
  day.	
  

Dichloromethane	
  was	
  also	
  tried	
  as	
  the	
  exchanging	
  solvent,	
  but	
  the	
  PXRD	
  patterns	
  of	
  these	
  

samples	
  showed	
  decomposition	
  of	
  the	
  structures.	
  When	
  diethyl	
  ether	
  was	
  used,	
  MOFs	
  were	
  

decomposed	
  except	
  of	
  ZnAcBPDC.	
  	
  

	
  

The	
  second	
  activation	
  method	
  was	
  supercritical	
  CO2	
  drying	
  (SCD).	
  The	
  as-­‐synthesized	
  crystals	
  

in	
  DMF	
  were	
  soaked	
  in	
  acetone	
  for	
  3	
  days.	
  The	
  soaking	
  solution	
  was	
  replaced	
  10	
  times	
  per	
  

day.	
  Samples	
  in	
  acetone	
  were	
  placed	
  inside	
  the	
  supercritical	
  CO2	
  dryer	
  and	
  the	
  acetone	
  was	
  

exchanged	
  against	
  liquid	
  CO2	
  eight	
  times.	
  After	
  that,	
  the	
  temperature	
  was	
  raised	
  above	
  the	
  

critical	
  temperature	
  of	
  CO2	
  (40°C).	
  Samples	
  were	
  kept	
  in	
  the	
  autoclave	
  for	
  one	
  day.	
  Then	
  the	
  

chamber	
  was	
  slowly	
  vented.	
  SCD	
  activated	
  MOF	
  samples	
  were	
  stored	
  inside	
  a	
  glovebox.	
  

2.5.1.1	
  Single	
  Crystal	
  X-­‐Ray	
  Diffraction	
  Measurements	
  of	
  ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
  
and	
  ZnPeBPDC	
  
	
  

The	
   colorless	
   cubic	
   shaped	
   crystals	
   were	
   characterized	
   by	
   single-­‐crystal	
   X-­‐ray	
   diffraction.	
  

ZnPrBPDC,	
   ZnBuBPDC	
   and	
   ZnPeBPDC	
   showed	
   the	
   same	
   structural	
  motif	
   (Figure	
   2.46	
   and	
  

2.47).	
  Due	
   to	
   the	
   low	
  quality	
  of	
   the	
  ZnAcBPDC	
  crystals,	
   this	
   crystal	
   structure	
  could	
  not	
  be	
  

solved;	
   however	
   it	
   was	
   observed	
   that	
   the	
   cell	
   parameters	
   obtained	
   during	
   the	
  

measurements	
  were	
  as	
  same	
  as	
  the	
  cell	
  parameters	
  of	
  ZnPrBPDC.	
  	
  

The	
  structure	
  of	
  these	
  MOFs	
  was	
  found	
  to	
  be	
  isoreticular	
  with	
  other	
  IRMOFs,60	
  having	
  linear	
  

linkers	
   connecting	
   the	
   octahedral	
   (Zn4O)(O2C-­‐)6	
   units.	
   Although	
   it	
   was	
   not	
   possible	
   to	
  

determine	
   the	
   functional	
   groups	
   crystallographically	
   due	
   to	
   the	
   disordering	
   of	
   the	
  

substituent	
   over	
   four	
   positions	
   with	
   a	
   probability	
   of	
   25	
   %,	
   it	
   was	
   observed	
   that	
   the	
  

substituents	
  are	
  directed	
  to	
  the	
  inside	
  of	
  the	
  pores.	
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Figure	
   2.46	
   The	
   framework	
   connectivity	
   of	
  
ZnPrBPDC	
   with	
   the	
   zinc	
   coordination	
   sphere	
  
(green	
   tetrahedron).	
  One	
   spherical	
   pore	
   (yellow	
  
sphere).	
   Atom	
   colors:	
   C	
   dark	
   grey,	
   H	
   white,	
   O	
  
red,	
  amide	
  groups	
  blue.	
  

	
  

Figure	
  2.47	
  Crystal	
  structure	
  of	
  ZnBuBPDC.	
  Atom	
  colors:	
  
C	
   dark	
   grey,	
   H	
   white,	
   O	
   red,	
   Zn	
   green,	
   amide	
   groups	
  
blue.	
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Contrarily	
   to	
   the	
   first	
   three	
  MOFs	
   described	
   above,	
   no	
   interpenetration	
  was	
   observed	
   for	
  

ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC.	
  This	
  can	
  be	
  attributed	
  to	
  the	
  long	
  chain	
  amide	
  groups,	
  

which	
   prevent	
   the	
   structure	
   undergoing	
   interpenetration.	
   Since	
   single	
   crystal	
   X-­‐ray	
  

diffraction	
  of	
  ZnAcBPDC	
   could	
  not	
  be	
  measured,	
  PXRD	
  and	
  X-­‐ray	
   spectroscopy	
   techniques	
  

were	
  used	
  to	
  clarify	
  this	
  structure.	
  	
  

	
  

2.5.2.2	
   Powder	
   X-­‐Ray	
   Diffraction	
   (PXRD)	
   Measurements	
   of	
   ZnAcBPDC,	
   ZnPrBPDC,	
  
ZnBuBPDC	
  and	
  ZnPeBPDC	
  
	
  

The	
  powder	
  XRD	
  patterns	
   for	
  ZnPrBPDC	
   are	
   shown	
   in	
  Figure	
  2.48.	
  The	
  patterns	
  of	
   the	
  as-­‐

synthesized	
   crystals	
   show	
   a	
   good	
   agreement	
  with	
   the	
   calculated	
   patterns	
   from	
   the	
   single	
  

crystal	
  analysis	
  data.	
  	
  The	
  good	
  crystallinity	
  of	
  the	
  crystals	
  can	
  be	
  clearly	
  proved	
  by	
  the	
  high	
  

intensities	
   of	
   the	
   diffraction	
   peaks	
   of	
   the	
   as-­‐synthesized	
   material.97	
   All	
   2ϴ	
   peaks	
   of	
  

ZnPrBPDC	
  exposed	
  to	
  supercritical	
  CO2	
  activation	
  are	
  consistent	
  with	
  the	
  2ϴ	
  peaks	
  of	
  the	
  as-­‐

synthesized	
  material.	
  The	
  broadened	
  peaks	
  indicate	
  the	
  fragmentation	
  into	
  microcrystalline	
  

material	
  after	
  activation.	
  This	
  phenomenon	
  is	
  frequently	
  observed	
  for	
  highly	
  porous	
  MOFs,	
  

wherein	
  the	
  removal	
  of	
  guest	
  solvents	
  results	
  in	
  structural	
  distortion.127,143,144	
  The	
  PXRD	
  was	
  

also	
   recorded	
   for	
   the	
   sample	
   washed	
   with	
   acetone.	
   A	
   significantly	
   different	
   pattern	
   and	
  

partial	
  loss	
  of	
  crystallinity	
  were	
  observed.	
  	
  

	
  



Metal	
  Organic	
  Frameworks	
  

62	
  
	
  

	
   	
  

Figure	
  2.48	
  PXRD	
  patterns	
  of	
  ZnPrBPDC.	
  The	
  calculated	
  pattern	
  
from	
   the	
   crystal	
   structure	
   (black),	
   the	
   as-­‐synthesized	
   sample	
  
(red),	
   the	
   supercritical	
   CO2	
   activated	
   sample	
   (blue)	
   and	
   the	
  
acetone	
  exchanged	
  sample	
  (green).	
  

	
  

Similar	
   PXRD	
   patterns	
   were	
   obtained	
   for	
   ZnBuBPDC	
   (Figure	
   2.49).	
   After	
   activation	
   with	
  

supercritical	
  CO2,	
  intensity	
  of	
  the	
  peaks	
  decreases,	
  moreover	
  the	
  peaks	
  become	
  broadened,	
  

which	
  means	
  that	
  the	
  structure	
  loses	
  the	
  crystallinity.	
  	
  Since	
  the	
  pattern	
  reveals	
  no	
  change	
  in	
  

the	
  2ϴ	
  values,	
  it	
  can	
  be	
  concluded	
  that,	
  sample	
  activated	
  with	
  supercritical	
  CO2	
  preserves	
  its	
  

integrity.	
  PXRD	
  measurements	
  were	
  also	
  performed	
  for	
  the	
  samples	
  washed	
  with	
  acetone.	
  

Although,	
  almost	
  no	
  change	
  was	
  observed	
  for	
  the	
  number	
  of	
  reflections	
  up	
  to	
  2ϴ	
  =	
  11.6°,	
  a	
  

slight	
  shift	
  to	
  higher	
  degrees	
  was	
  observed	
  which	
  can	
  be	
  due	
  to	
  using	
  different	
  instruments	
  

having	
  different	
  calibrations.	
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Figure	
  2.49	
  PXRD	
  patterns	
  of	
  ZnBuBPDC.	
  The	
  calculated	
  pattern	
  
from	
   the	
   crystal	
   structure	
   (black),	
   the	
   as-­‐synthesized	
   sample	
  
(red),	
   the	
   supercritical	
   CO2	
   activated	
   sample	
   (blue)	
   and	
   the	
  
acetone	
  exchanged	
  sample	
  (green).	
  

	
  

Figure	
   2.50	
   shows	
   the	
   PXRD	
   patterns	
   of	
   ZnPeBPDC.	
  When	
   the	
   as-­‐synthesized	
   sample	
   is	
  

compared	
   with	
   the	
   calculated	
   pattern	
   of	
   the	
   crystals,	
   same	
   reflections	
   with	
   similar	
  

intensities	
   are	
   found.	
   As	
   for	
   the	
   ZnPrBPDC	
   and	
   ZnBuBPDC	
   patterns,	
   sharp	
   reflections	
  

indicate	
   a	
   good	
   crytallinity	
   of	
   the	
   material.	
   The	
   supercritical	
   CO2	
   activated	
   sample´s	
  

reflections	
  appear	
  at	
  same	
  2ϴ	
  degrees.	
  The	
  reflections	
  at	
  2ϴ	
  =	
  7.3°,	
  10.3°	
  and	
  11.6°	
  show	
  a	
  

strong	
   broadening	
   due	
   to	
   the	
   removal	
   of	
   guest	
   molecules.	
   The	
   pattern	
   of	
   the	
   acetone	
  

exchanged	
  sample	
  clearly	
  shows	
  the	
  change	
  of	
  structure	
  by	
  the	
  disappearance	
  of	
  the	
  sharp	
  

2ϴ	
  =	
  7.3°	
  reflection.	
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Figure	
  2.50	
  PXRD	
  patterns	
  of	
  ZnPeBPDC.	
  The	
  calculated	
  pattern	
  
from	
   the	
   crystal	
   structure	
   (black),	
   the	
   as-­‐synthesized	
   sample	
  
(red),	
   the	
   supercritical	
   CO2	
   activated	
   sample	
   (blue)	
   and	
   the	
  
acetone	
  exchanged	
  sample	
  (green).	
  

	
  

Since	
  single	
  crystal	
  X-­‐ray	
  measurement	
  could	
  not	
  be	
  applied	
   for	
  ZnAcBPDC	
  because	
  of	
   the	
  

low	
  quality	
  of	
  the	
  crystals,	
  firstly	
  PXRD	
  pattern	
  of	
  the	
  as-­‐synthesized	
  material	
  was	
  compared	
  

with	
  the	
  calculated	
  pattern	
  of	
  ZnPrBPDC	
  to	
  solve	
  the	
  structure	
  (Figure	
  2.51).	
  In	
  contrast	
  to	
  

the	
  strong	
  reflections	
  of	
  ZnPrBPDC,	
  and	
  also	
  ZnBuBPDC	
  and	
  ZnPeBPDC	
  at	
  2ϴ	
  =	
  5.2°,	
  it	
  shows	
  

a	
  very	
  weak	
  reflection	
  at	
  2ϴ	
  =	
  5.2°.	
  Moreover,	
  the	
  appearance	
  of	
  a	
  very	
  strong	
  reflection	
  at	
  

2ϴ	
  =	
  5.8°	
  is	
  observed	
  which	
  means	
  that	
  the	
  structure	
  of	
  ZnAcBPDC	
  is	
  different	
  to	
  the	
  others,	
  

perhaps	
  it	
  contains	
  two	
  phases.	
  The	
  splitting	
  of	
  the	
  reflection	
  at	
  2ϴ	
  =	
  10.3°	
  can	
  be	
  a	
  further	
  

hint	
  for	
  these	
  two	
  phases.	
  

The	
   supercritical	
   CO2	
   activated	
   sample	
   shows	
   the	
   same	
   reflections	
   as	
   the	
   as-­‐synthesized	
  

sample.	
  The	
  broadening	
  of	
  the	
  2ϴ	
  =	
  7.3°	
  reflection	
  can	
  be	
  attributed	
  to	
  the	
  removal	
  of	
  the	
  

guest	
  molecules	
  from	
  the	
  pores.	
  Besides	
  this,	
  it	
  also	
  resembles	
  the	
  interpenetrated	
  IRMOF-­‐9	
  

structure.	
   Since	
   the	
  amide	
  groups	
  on	
   the	
  phenyl	
   rings	
  are	
  not	
  as	
  bulky	
  as	
   the	
  other	
   three	
  

MOFs,	
  an	
  interpenetrated	
  structure	
  might	
  be	
  possible	
  for	
  ZnAcBPDC.	
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The	
  PXRD	
  pattern	
  of	
  the	
  acetone	
  exchanged	
  sample	
  shows	
  a	
  very	
  strong	
  increase	
  of	
  the	
  2ϴ	
  =	
  

5.2°	
   reflection	
   and	
   a	
   strong	
   decrease	
   in	
   2ϴ	
   =	
   5.8°	
   reflection.	
   Also	
   a	
   broadening	
   of	
   the	
  

reflection	
   at	
   2ϴ	
   =	
   10.3°	
   is	
   observed.	
  When	
   this	
   pattern	
   is	
   compared	
   with	
   the	
   ZnPrBPDC	
  

pattern,	
   it	
   can	
   be	
   concluded	
   that	
   the	
   second	
   phase	
   might	
   be	
   non-­‐interpenetrated	
   as	
  

ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC.	
  Moreover,	
  it	
  can	
  be	
  also	
  said	
  that	
  the	
  phase	
  which	
  is	
  

thought	
  to	
  be	
  interpenetrated	
  is	
  strongly	
  affected	
  by	
  the	
  exchange	
  of	
  the	
  solvent	
  acetone.	
  

However	
  a	
  slight	
  shift	
  to	
  higher	
  degrees	
  was	
  also	
  observed	
  and	
  can	
  be	
  attributed	
  to	
  different	
  

instruments	
  having	
  different	
  calibrations.	
  Diethyl	
  ether	
  was	
  also	
  used	
  for	
  the	
  activation	
  and	
  

the	
  sample	
  was	
  evacuated	
  after	
  solvent	
  exchange.	
  The	
  PXRD	
  pattern	
  of	
  this	
  sample	
  shows	
  

reflections	
  very	
  similar	
  to	
  those	
  of	
  the	
  as-­‐synthesized	
  sample.	
  	
  A	
  broadening	
  of	
  the	
  2ϴ=	
  5.2°	
  

reflection	
   can	
   be	
   clearly	
   observed,	
   which	
   means	
   the	
   phase	
   which	
   is	
   thought	
   to	
   be	
   non-­‐

interpenetrated	
   is	
   strongly	
   affected	
   by	
   the	
   solvent	
   exchange	
   with	
   diethyl	
   ether.	
  	
  

	
  

Figure	
  2.51	
  The	
  simulated	
  pattern	
  of	
  IRMOF-­‐9	
  (black),	
  the	
  calculated	
  
pattern	
   from	
   the	
   crystal	
   structure	
   of	
   ZnPrBPDC	
   (red),	
   the	
   as-­‐
synthesized	
  ZnAcBPDC	
   sample	
   (red),	
   the	
   supercritical	
   CO2	
   activated	
  
ZnAcBPDC	
   sample	
   (blue),	
   the	
  acetone	
  exchanged	
  ZnAcBPDC	
   sample	
  
(green)	
  and	
  the	
  diethyl	
  ether	
  exchanged	
  ZnAcBPDC	
  sample	
  (pink).	
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2.5.2.3	
  X-­‐ray	
  Absorption	
  Spectroscopy	
  of	
  ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC	
  
	
  

X-­‐ray	
  absorption	
   spectroscopy	
  measurements	
  were	
  performed	
  at	
   the	
  XAS	
  beamline	
  at	
   the	
  

Ångstrømquelle	
  Karlsruhe	
  (ANKA)	
  under	
  ambient	
  conditions	
  at	
  20	
  °C.	
  The	
  synchrotron	
  beam	
  

current	
  was	
  between	
  80	
  –	
  140	
  mA	
  at	
  2.5	
  GeV	
  storage	
  ring	
  energy.	
  A	
  Si(111)	
  double	
  crystal	
  

monochromator	
   was	
   used	
   for	
   measurements	
   at	
   the	
   Zn	
   K-­‐edge	
   (9.696	
   keV).	
   The	
   second	
  

monochromator	
   crystal	
   was	
   tilted	
   for	
   optimal	
   harmonic	
   rejection.	
   The	
   spectra	
   were	
  

recorded	
  in	
  fluorescence	
  mode	
  with	
  a	
  hyperpure	
  7-­‐element	
  Ge-­‐detector.	
  Energy	
  calibration	
  

was	
  performed	
  with	
  a	
   zinc	
  metal	
   foil.	
  To	
  avoid	
  mistakes	
   in	
   the	
  XANES	
   region	
  due	
   to	
   small	
  

changes	
  in	
  the	
  energy	
  calibration	
  between	
  two	
  measurements,	
  all	
  spectra	
  were	
  corrected	
  to	
  

the	
   theoretical	
   edge	
   energy	
   of	
   iron	
   foil,	
   which	
   was	
  measured	
   before	
   every	
   scan.	
   For	
   the	
  

determination	
   of	
   the	
   smooth	
   parts	
   of	
   the	
   spectra,	
   corrected	
   for	
   pre-­‐edge	
   absorption,	
   a	
  

piece-­‐wise	
  polynomial	
  was	
  used.	
  It	
  was	
  adjusted	
  in	
  such	
  a	
  way	
  that	
  the	
  low-­‐R	
  components	
  of	
  

the	
   resulting	
   Fourier	
   transform	
   were	
   minimal.145,146	
   After	
   division	
   of	
   the	
   background–

subtracted	
  spectrum	
  by	
  its	
  smooth	
  part,	
  the	
  photon	
  energy	
  was	
  converted	
  to	
  photo-­‐electron	
  

wave	
   numbers	
   k.	
   The	
   resulting	
   χ(k)-­‐function	
   was	
   weighted	
   with	
   k3.	
   Data	
   analysis	
   was	
  

performed	
   in	
   k-­‐space	
   according	
   to	
   the	
   curved	
  wave	
   formalism	
   of	
   the	
   EXCURV98	
   program	
  

with	
   XALPHA	
   phase	
   and	
   amplitude	
   functions.147	
   The	
   mean	
   free	
   path	
   of	
   the	
   scattered	
  

electrons	
  was	
  calculated	
  from	
  the	
  imaginary	
  part	
  of	
  the	
  potential	
  (VPI	
  set	
  to	
  –4.00).	
  	
  

Figure	
  2.52	
  shows	
  the	
  X-­‐ray	
  absorption	
  near	
  edge	
  structure	
  (XANES)	
  spectra	
  of	
  the	
  samples	
  

ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
   and	
  ZnPeBPDC.	
  No	
  obvious	
  differences	
   can	
  be	
   found	
   in	
  

the	
   XANES	
   spectra	
   for	
   the	
   different	
   samples.	
   The	
   XANES	
   region	
   is	
   dominated	
   by	
  multiple	
  

scattering	
   effects,	
  which	
   take	
  mainly	
   place	
   among	
   the	
   nearest	
   neighbor	
   atoms.	
   Therefore	
  

the	
  nearest	
  neighbor	
  coordination	
  can	
  be	
  assumed	
  to	
  be	
  the	
  same	
  in	
  all	
  samples.	
  This	
  is	
  also	
  

reflected	
  in	
  the	
  Fourier	
  transformed	
  EXAFS	
  spectra	
  shown	
  in	
  Figure	
  2.53	
  and	
  the	
  structural	
  

parameters	
   obtained	
   by	
   fitting	
   the	
   experimental	
   data	
  with	
   theoretical	
  models	
   as	
   given	
   in	
  

Table	
  2.11.	
  All	
  samples	
  exhibit	
  a	
  first	
  Zn-­‐O	
  contribution	
  with	
  a	
  coordination	
  number	
  of	
  four,	
  

according	
   to	
   a	
   tetrahedral	
   environment	
   of	
   the	
   central	
   zinc.	
   Although	
   the	
   coordination	
  

number	
   of	
   the	
   next	
   Zn-­‐C	
   contribution,	
   resulting	
   from	
   the	
   carboxy-­‐group	
   is	
   systematically	
  

underestimated,	
  it	
  is	
  also	
  four	
  within	
  the	
  error	
  bar	
  for	
  all	
  compounds.	
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Figure	
   2.52	
   XANES	
   spectra	
   of	
   the	
   samples	
   ZnAcBPDC,	
  
ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC.	
  Spectra	
  were	
  shifted	
  for	
  
clarity.	
  	
  

	
  

Figure	
   2.53	
   Experimental	
   (black)	
   and	
   fitted	
   (red)	
   Fourier	
  
transformed	
   EXAFS	
   spectra	
   of	
   the	
   samples	
   ZnAcBPDC,	
  
ZnPrBPDC,	
  ZnBuBPDC	
   and	
  ZnPeBPDC.	
   Spectra	
  were	
  shifted	
  
for	
  clarity.	
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The	
  similarity	
  between	
  the	
  four	
  samples	
  is	
  continued	
  in	
  the	
  Zn-­‐Zn	
  shell	
  of	
  all	
  samples,	
  where	
  

identical	
   coordination	
   numbers	
   and	
   distances	
   are	
   obtained.	
   This	
   coordination	
   number	
   is	
  

smaller	
  than	
  the	
  value	
  of	
   four,	
  which	
   is	
  expected	
  according	
  to	
  the	
  single	
  crystal	
  diffraction	
  

data.	
  Since	
  these	
  data	
  were	
  obtained	
  on	
  samples	
  taken	
  out	
  of	
  the	
  natant	
  solution,	
  they	
  are	
  

containing	
   solvent	
   molecules,	
   while	
   the	
   EXAFS	
   data	
   so	
   far	
   are	
   obtained	
   for	
   dried	
   MOFs.	
  

Therefore	
  a	
  distortion	
  of	
  the	
  structure	
  caused	
  in	
  the	
  solvent	
  evaporation	
  process	
  cannot	
  be	
  

excluded,	
  which	
  can	
  cause	
  a	
  reduction	
  of	
  the	
  Zn-­‐Zn	
  coordination	
  number.	
  Form	
  the	
  present	
  

data	
  it	
  is	
  however	
  not	
  clear,	
  if	
  a	
  real	
  reduction	
  in	
  the	
  coordinating	
  Zn	
  neighbors	
  takes	
  place,	
  

or	
   if	
   the	
   structure	
   is	
   strained,	
   leading	
   to	
   an	
   increased	
   disorder	
   in	
   the	
   Zn-­‐Zn	
   coordination,	
  

smearing	
  out	
  the	
  Zn-­‐Zn	
  signal.	
  

	
  

Table	
   2.11	
   Structural	
   parameters	
   obtained	
   by	
   fitting	
   the	
   experimental	
   spectra	
  
with	
  theoretical	
  models.	
  

Sample	
   Abs-­‐Bsa	
   N(Bs)b	
   R(Abs-­‐Bs)c	
  /	
  Å	
  
	
  

σd	
  /	
  Å	
  
	
  

ZnAcBPDC	
  
Zn-­‐O	
  
Zn-­‐C	
  
Zn-­‐Zn	
  

4.2	
  ±	
  0.4	
  
3.4	
  ±	
  0.4	
  
1.9	
  ±	
  0.4	
  

1.97	
  ±	
  0.02	
  
3.03	
  ±	
  0.03	
  
3.23	
  ±	
  0.04	
  

0.011	
  ±	
  0.001	
  
0.025	
  ±	
  0.003	
  
0.025	
  ±	
  0.005	
  

ZnPrBPDC	
  
Zn-­‐O	
  
Zn-­‐C	
  
Zn-­‐Zn	
  

4.0	
  ±	
  0.4	
  
3.2	
  ±	
  0.4	
  
1.8	
  ±	
  0.4	
  

1.96	
  ±	
  0.02	
  
3.01	
  ±	
  0.03	
  
3.23	
  ±	
  0.03	
  

0.010	
  ±	
  0.001	
  
0.025	
  ±	
  0.003	
  
0.025	
  ±	
  0.005	
  

ZnBuBPDC	
  
Zn-­‐O	
  
Zn-­‐C	
  
Zn-­‐Zn	
  

4.1	
  ±	
  0.4	
  
3.8	
  ±	
  0.6	
  
1.7	
  ±	
  0.4	
  

1.98	
  ±	
  0.02	
  
3.03	
  ±	
  0.03	
  
3.23	
  ±	
  0.03	
  

0.014	
  ±	
  0.001	
  
0.025	
  ±	
  0.002	
  
0.025	
  ±	
  0.005	
  

ZnPeBPDC	
  
Zn-­‐O	
  
Zn-­‐C	
  
Zn-­‐Zn	
  

4.0	
  ±	
  0.4	
  
3.4	
  ±	
  0.6	
  
2.1	
  ±	
  0.2	
  

1.96	
  ±	
  0.02	
  
2.99	
  ±	
  0.03	
  
3.19	
  ±	
  0.03	
  

0.014	
  ±	
  0.001	
  
0.025	
  ±	
  0.002	
  
0.025	
  ±	
  0.005	
  

ZnAcBPDC	
  in	
  
DMF	
  

Zn-­‐O	
  
Zn-­‐C	
  
Zn-­‐Zn	
  

4.4	
  ±	
  0.4	
  
3.8	
  ±	
  0.4	
  
3.6	
  ±	
  0.4	
  

1.96	
  ±	
  0.02	
  
2.97	
  ±	
  0.03	
  
3.16	
  ±	
  0.04	
  

0.012	
  ±	
  0.001	
  
0.025	
  ±	
  0.003	
  
0.025	
  ±	
  0.005	
  

ZnAcBPDC	
  in	
  
DMF	
  after	
  CO2	
  

ads.	
  

Zn-­‐O	
  
Zn-­‐C	
  
Zn-­‐Zn	
  

4.3	
  ±	
  0.4	
  
4.3	
  ±	
  0.4	
  
3.6	
  ±	
  0.4	
  

1.95	
  ±	
  0.02	
  
2.98	
  ±	
  0.03	
  
3.17	
  ±	
  0.04	
  

0.011	
  ±	
  0.001	
  
0.025	
  ±	
  0.003	
  
0.025	
  ±	
  0.005	
  

a	
   Abs=	
   X-­‐ray	
   absorbing	
   atom,	
   Bs=	
   neighbor	
   backscattering	
   atom.	
   b	
   Number	
   of	
  
backscattering	
  neighbors.	
   c	
  Distance	
  between	
  Abs	
  and	
  Bs.	
   d	
  Debye-­‐Waller	
   like	
  disorder	
  
factor.	
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This	
  changes	
  if	
  the	
  solvent-­‐containing	
  MOF	
  structure	
  is	
  considered.	
  In	
  Table	
  2.11,	
  the	
  EXAFS	
  

results	
  for	
  ZnAcBPDC	
  in	
  DMF	
  before	
  and	
  after	
  CO2	
  adsorption	
  are	
  also	
  given.	
  The	
  spectra	
  are	
  

compared	
  in	
  Figure	
  2.54	
  with	
  the	
  dry	
  sample.	
  The	
  increased	
  Zn-­‐Zn	
  contribution	
  is	
  visible	
  in	
  

the	
   Fourier	
   transformed	
   EXAFS	
   data,	
   and	
   also	
   reflected	
   in	
   the	
   structural	
   parameters	
  

obtained	
  by	
  fitting	
  these	
  data.	
  The	
  expected	
  value	
  of	
  four	
  is	
  found	
  within	
  the	
  error	
  bar	
  for	
  

both	
  samples.	
  Similar	
  behavior	
  was	
  found	
  in	
  a	
  study	
  by	
  Henke	
  et.	
  al.,148	
  where	
  in	
  dried	
  MOFs	
  

also	
   a	
   reduction	
   of	
   the	
   Zn-­‐Zn	
   contribution	
   was	
   found,	
   which	
   was	
   fully	
   reversible	
   after	
  

reabsorption	
  of	
  the	
  solvent.	
  This	
  suggests	
  rather	
  a	
  strained	
  structure	
  than	
  a	
  real	
  destruction	
  

after	
  drying	
  of	
  the	
  MOFs.	
  	
  The	
  adsorption	
  of	
  CO2	
  in	
  contrast	
  does	
  not	
  lead	
  to	
  visible	
  changes	
  

in	
  the	
  spectra,	
  indicating	
  identical	
  structures.	
  

	
  

Figure	
  2.54	
  Experimental	
  (black)	
  and	
  fitted	
  (green)	
  Fourier	
  transformed	
  
EXAFS	
  spectra	
  of	
  the	
  sample	
  ZnAcBPDC	
  in	
  the	
  dry	
  state	
  and	
  before	
  and	
  
after	
  CO2	
  adsorption	
  in	
  DMF.	
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2.5.2.4	
   Thermogravimetric	
   Analysis	
   (TGA)	
   of	
   ZnAcBPDC,	
   ZnPrBPDC,	
   ZnBuBPDC	
   and	
  
ZnPeBPDC	
  
	
  

Thermogravimetric	
   analysis	
   (TGA)	
  measurements	
  were	
   performed	
  with	
   the	
   as-­‐synthesized	
  

samples	
   which	
   were	
   kept	
   in	
   DMF.	
   The	
   measurements	
   were	
   performed	
   in	
   ambient	
  

atmosphere	
  at	
  a	
  constant	
  heating	
  rate	
  of	
  5	
  °C	
  min-­‐1	
  from	
  room	
  temperature	
  up	
  to	
  800	
  °C.	
  	
  

For	
   ZnAcBPDC,	
   two	
   weight	
   loss	
   steps	
   were	
   observed:	
   the	
   first	
   one	
   up	
   to	
   220	
   °C	
   can	
   be	
  

attributed	
   to	
   the	
   solvents	
   (DMF,	
   water)	
   which	
   is	
   compatible	
   with	
   the	
   elemental	
   analysis	
  

data.	
  The	
  second	
  mass	
  loss	
  above	
  350	
  °C	
  can	
  be	
  attributed	
  to	
  the	
  collapse	
  of	
  structure	
  as	
  a	
  

result	
   of	
   linker	
   decomposition	
   and	
   oxidation.	
   According	
   to	
   the	
   TGA	
   results,	
   it	
   can	
   be	
  

concluded	
  that	
  ZnAcBPDC	
  is	
  stable	
  up	
  to	
  350	
  °C	
  (Figure	
  2.55).	
  	
  

	
  

Figure	
  2.55	
  TGA	
  of	
  the	
  as-­‐synthesized	
  ZnAcBPDC	
  sample.	
  

According	
  to	
  the	
  elemental	
  analysis	
  results,	
  the	
  content	
  of	
  solvents	
  is	
  found	
  as	
  47.78	
  wt.	
  %	
  

(Table	
  2.12),	
  which	
  is	
  corroborated	
  with	
  the	
  TGA	
  (48.46	
  wt.	
  %).	
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Table	
  2.12	
  Calculated	
  and	
  found	
  elemental	
  
composition	
   of	
   the	
   as-­‐synthesized	
  
ZnAcBPDC.	
  

C54H42N6O19Zn4	
  ·∙	
  (DMF)15.7	
  ·∙	
  (H2O)4.40	
  

	
   C	
   H	
   N	
  

Calculated	
  	
   47.30	
  %	
   6.31	
  %	
   11.84	
  %	
  

Found	
   47.21	
  %	
   6.22	
  %	
   11.93	
  %	
  

	
  

ZnPrBPDC,	
  shows	
  also	
  two	
  weight	
   loss	
  steps:	
  the	
  first	
  one	
  up	
  to	
  250	
  °C	
  can	
  be	
  assigned	
  to	
  

the	
   solvents	
   (DMF,	
   water).	
   The	
   second	
  mass	
   loss	
   above	
   350	
   °C	
   can	
   be	
   attributed	
   to	
   the	
  

collapse	
  of	
  the	
  structure	
  as	
  a	
  result	
  of	
  linker	
  decomposition	
  and	
  oxidation.	
  TGA	
  shows	
  that	
  

ZnPrBPDC	
  is	
  stable	
  up	
  to	
  350	
  °C	
  (Figure	
  2.56).	
  

	
  

Figure	
  2.56	
  TGA	
  of	
  the	
  as-­‐synthesized	
  ZnPrBPDC	
  sample.	
  

For	
   ZnPrBPDC,	
   elemental	
   analysis	
   data	
   reveal	
   59.16	
   wt.	
   %	
   of	
   solvent	
   which	
   is	
   absolutely	
  

compatible	
  with	
  the	
  TGA	
  results	
  (Table	
  2.13).	
  	
  According	
  to	
  the	
  elemental	
  analysis,	
  pores	
  do	
  

not	
  contain	
  any	
  traces	
  of	
  linker	
  after	
  solvent	
  exchange.	
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Table	
  2.13	
  Calculated	
  and	
  found	
  elemental	
  
composition	
   of	
   the	
   as-­‐synthesized	
  
ZnPrBPDC.	
  

C60H54N6O19Zn4⋅(DMF)26.00⋅(H2O)9.20	
  

	
   C	
   H	
   N	
  

Calculated	
  	
   47.48	
  %	
   7.35	
  %	
   12.84	
  %	
  

Found	
   47.59	
  %	
   7.46	
  %	
   12.73	
  %	
  

	
  

ZnBuBPDC	
  shows	
  two	
  weight	
  loss	
  as	
  the	
  above	
  discussed	
  MOFs:	
  the	
  first	
  one	
  between	
  100	
  

°C	
  and	
  300	
  °C	
  is	
  due	
  to	
  the	
  solvents	
  (DMF,	
  water,	
  55.93	
  wt.	
  %)	
  which	
  occupy	
  the	
  pores.	
  The	
  

second	
  mass	
   loss	
  above	
  300	
  °C	
  can	
  be	
  attributed	
  to	
  the	
  collapse	
  of	
  structure	
  as	
  a	
  result	
  of	
  

linker	
   decomposition	
   and	
   oxidation.	
   ZnBuBPDC	
   is	
   stable	
   up	
   to	
   350	
   °C	
   (Figure	
   2.57)	
   as	
  

ZnPrBPDC.

	
  

Figure	
  2.57	
  TGA	
  of	
  the	
  as-­‐synthesized	
  ZnBuBPDC	
  sample.	
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The	
   elemental	
   analysis	
   of	
   ZnBuBPDC	
   is	
   again	
   in	
   good	
   agreement	
   with	
   TGA	
   results	
   (Table	
  

2.14).	
  The	
  solvent	
  amount	
  in	
  the	
  pores	
  is	
  found	
  as	
  55.01	
  wt.	
  %.	
  The	
  results	
  also	
  reveal	
  that	
  

the	
  pores	
  do	
  not	
  contain	
  any	
  free	
  linkers.	
  	
  

Table	
  2.14	
  Calculated	
  and	
  found	
  elemental	
  
composition	
   of	
   the	
   as-­‐synthesized	
  
ZnBuBPDC.	
  

C66H66N6O19Zn4·∙	
  (DMF)24.25·∙	
  (H2O)4.15	
  

	
   C	
   H	
   N	
  

Calculated	
  	
   49.66	
  %	
   7.33	
  %	
   12.62	
  %	
  

Found	
   49.77	
  %	
   7.45	
  %	
   12.51	
  %	
  

	
  

	
  

The	
  TGA	
  data	
  of	
  ZnPeBPDC	
   reveals	
  a	
   similar	
  behavior	
  as	
   found	
   for	
   the	
  other	
   three	
  MOFs.	
  

Two	
  weight	
  loss	
  steps	
  were	
  observed,	
  which	
  belong	
  to	
  the	
  solvents	
  in	
  the	
  pores	
  (up	
  to	
  200	
  

°C)	
  and	
  the	
  decomposition	
  and	
  oxidation	
  of	
  the	
  linker	
  (between	
  300	
  to	
  430	
  °C)	
  (Figure	
  2.58).	
  

	
  

Figure	
  2.58	
  TGA	
  analysis	
  of	
  as-­‐synthesized	
  ZnPeBPDC	
  sample.	
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The	
  elemental	
   analysis	
   data	
   and	
  TGA	
   results	
   of	
  ZnPeBPDC	
   are	
   absolutely	
   compatible	
  with	
  

each	
   other.	
   The	
   solvent	
   amount	
   is	
   found	
   as	
   53.91	
   wt.	
   %	
   (53.54	
   wt.	
   %	
   in	
   TGA	
   analysis).	
  

ZnPeBPDC	
  also	
  does	
  not	
  contain	
  any	
  free	
  linker	
  in	
  its	
  pores	
  (Table	
  2.15).	
  

Table	
  2.15	
  Calculated	
  and	
  found	
  elemental	
  
composition	
   of	
   the	
   as-­‐synthesized	
  
ZnPeBPDC.	
  

C72H78N6O19Zn4·∙	
  (DMF)23.10·∙	
  (H2O)9.70	
  

	
   C	
   H	
   N	
  

Calculated	
  	
   49.10	
  %	
   7.56	
  %	
   11.79	
  %	
  

Found	
   49.03	
  %	
   7.48	
  %	
   11.87	
  %	
  

	
  

	
  

2.5.2.5	
  IR	
  Measurements	
  of	
  ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC	
  
	
  

Infrared	
  spectra	
  of	
   the	
  synthesized	
  MOFs	
  and	
  their	
  corresponding	
   linkers	
  are	
  presented	
   in	
  

Figure	
  2.59.	
  The	
  IR	
  measurements,	
  show	
  a	
  pronounced	
  C=O	
  shift.	
  It	
  can	
  be	
  clearly	
  seen	
  that	
  

the	
  dicarboxylic	
  acid	
  precursors	
  exhibit	
   intense	
  C=O	
  absorptions	
  around	
  1690	
  cm-­‐1,	
   typical	
  

for	
  aromatic	
  carboxylic	
  acids	
  associated	
  by	
  hydrogen	
  bonds,	
  the	
  C=O	
  fragments	
  of	
  the	
  MOF	
  

materials	
  give	
  rise	
  for	
  absorptions	
  at	
  around	
  1600	
  and	
  1450	
  cm-­‐1,	
  which	
  again	
  is	
  typical	
  for	
  

symmetrically	
  coordinating	
  carboxylate	
  anions.	
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Figure	
  2.59	
  IR	
  spectra	
  of	
  ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
  and	
  
ZnPeBPDC	
  (black)	
  and	
  their	
  linkers	
  9,	
  11,	
  13	
  and	
  15	
  (red).	
  

	
  

2.5.2.6	
   13C	
   CP-­‐MAS	
   NMR	
   Measurements	
   of	
   ZnAcBPDC,	
   ZnPrBPDC,	
   ZnBuBPDC	
   and	
  
ZnPeBPDC	
  
	
  

Characterization	
  of	
  amide	
  functionalized	
  MOFs	
  was	
  also	
  carried	
  out	
  with	
  solid	
  state	
  13C	
  CP-­‐

MAS	
  NMR	
  measurements	
  (Figure	
  2.60).	
  The	
  solid	
  state	
  NMR	
  spectra	
  of	
  these	
  MOFs	
  show	
  a	
  

great	
  agreement	
  with	
   the	
  high	
   resolution	
   13C	
  NMR	
  spectra	
  of	
   the	
  corresponding	
   linkers	
   in	
  

solution.	
   The	
   carboxylate	
   carbon	
   atoms	
   resonate	
   between	
   160	
   to	
   180	
   ppm	
   as	
   two	
   broad	
  

peaks.	
   	
   The	
   solid	
   state	
   13C	
   CP-­‐MAS	
   NMR	
   spectra	
   of	
   ZnAcBPDC	
   and	
   ZnPrBPDC	
   show	
   one	
  

broad	
   signal	
   for	
   the	
   other	
   carbon	
   atoms	
   in	
   the	
   aromatic	
   region,	
   while	
   ZnBuBPDC	
   and	
  

ZnPeBPDC	
   show	
  two	
  broad	
  signals	
  which	
  are	
   in	
  complete	
  agreement	
  with	
  the	
  positions	
  of	
  

the	
  seven	
  resonances	
  of	
  the	
  corresponding	
  linkers.	
  The	
  aliphatic	
  region	
  of	
  the	
  NMR	
  spectra	
  

reveals	
   the	
   expected	
   number	
   of	
   the	
   carbon	
   atoms.	
   In	
   all	
   spectra,	
   a	
   peak	
   around	
   35	
   ppm	
  

belongs	
  to	
  DMF	
  remaining	
  in	
  the	
  pores	
  of	
  the	
  MOFs.	
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Figure	
  2.60	
  13C	
  CP-­‐MAS	
  NMR	
  spectra	
  ZnAcBPDC,	
  ZnPrBPDC,	
  
ZnBuBPDC	
   and	
   ZnPeBPDC	
   (black)	
   and	
   high	
   resolution	
   13C	
  
NMR	
  spectra	
  of	
  their	
  linkers	
  9,	
  11,	
  13	
  and	
  15	
  (red).	
  

	
  

Temperature	
  dependent	
   13C	
  CP-­‐MAS	
  NMR	
  measurements	
  were	
  applied	
   to	
  ZnPeBPDC.	
   The	
  

measurements	
  were	
   performed	
   at	
   five	
   different	
   temperatures	
   (20,	
   30,	
   40,	
   50	
   and	
   80	
   °C).	
  

When	
  the	
   temperature	
  was	
   increased,	
  sharpening	
  of	
   the	
  peaks	
  was	
  observed	
  especially	
   in	
  

the	
  aromatic	
  region	
  (Figure	
  2.61).	
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Figure	
  2.61	
  Temperature	
  dependent	
  13C	
  CP-­‐MAS	
  NMR	
  spectra	
  of	
  ZnPeBPDC.	
  

	
  

2.5.2.7	
  N2	
  Adsorption	
  Measurements	
  of	
  ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC	
  
	
  

To	
   confirm	
   the	
   porosity	
   of	
   the	
   MOFs	
   and	
   determine	
   their	
   surface	
   area,	
   N2	
   adsorption	
  

measurements	
  at	
  77	
  K	
  were	
  performed	
  with	
  samples	
  activated	
  by	
  two	
  different	
  evacuation	
  

methods	
   (first	
  method:	
   acetone	
   exchanged,	
   second	
  method:	
   supercritical	
   CO2	
   dried).	
   The	
  

acetone	
  exchanged	
  samples	
  were	
  activated	
  under	
  high	
  vacuum	
  at	
  80	
   °C	
   for	
  24	
  hours.	
  The	
  

supercritical	
  CO2	
  dried	
  samples	
  were	
  used	
  without	
  further	
  activation.	
  

ZnAcBPDC	
  showed	
  porosity	
  after	
  both	
  activation	
  methods	
  (Figure	
  2.62).	
  In	
  both	
  cases	
  a	
  Type	
  

I	
  isotherm	
  37	
  was	
  observed	
  with	
  a	
  hysteresis	
  at	
  0.4	
  <	
  p	
  <	
  0.9.	
  The	
  hysteresis	
  can	
  be	
  due	
  to	
  the	
  

intercrystalline	
   voids	
   in	
   the	
   sample.149	
   The	
   hysteresis	
   is	
   smaller	
   in	
   the	
   supercritical	
   CO2	
  

activated	
  sample.	
  The	
  size	
  difference	
  between	
  the	
  two	
  hysteresis	
  might	
  be	
  the	
  result	
  of	
  the	
  

difference	
  in	
  the	
  volume	
  of	
  the	
  adsorbents.150	
  	
  

	
  



Metal	
  Organic	
  Frameworks	
  

78	
  
	
  

	
  

Figure	
   2.62	
   N2	
   adsorption	
   (close	
   circles)	
   and	
   desorption	
   (open	
  
circles)	
   isotherms	
   of	
   ZnAcBPDC.	
   The	
   supercritical	
   CO2	
   activated	
  
sample	
  (blue),	
  the	
  acetone	
  activated	
  sample	
  (red).	
  

	
  

The	
   specific	
   surface	
   area	
   of	
   ZnAcBPDC	
   showed	
   differences	
   according	
   to	
   the	
   activation	
  

method	
  used:	
  For	
  the	
  supercritical	
  CO2	
  activated	
  sample	
  1588	
  m2/g	
  were	
  found	
  and	
  for	
  the	
  

acetone	
  exchanged	
  and	
  evacuated	
  sample	
  920	
  m2/g	
  were	
  found.	
  

Such	
  two	
  different	
  surface	
  areas	
  for	
  the	
  same	
  material	
  reveal	
  how	
  important	
  the	
  activation	
  

step	
   is.	
   It	
   is	
   also	
  expressed	
   in	
   the	
   literature	
   that	
   the	
   solvent	
   removal	
  methods	
   results	
   in	
  a	
  

diversity	
  of	
  the	
  surface	
  areas	
  45,126	
  because	
  of	
  the	
  insufficient	
  removal	
  of	
  the	
  guest	
  molecules	
  

in	
   the	
  pores	
  which	
   reduces	
   the	
   surface	
  area	
   remarkably.	
   For	
   instance,	
   for	
  MOF-­‐5	
  which	
   is	
  

one	
  of	
  the	
  most	
  studied	
  MOFs,	
  applying	
  different	
  procedures,	
  different	
  surface	
  areas	
  varying	
  

in	
  the	
  range	
  of	
  570-­‐3800	
  m2/g	
  were	
  found.125,151-­‐154	
  

As	
   expected	
   the	
   pore	
   volumes	
   calculated	
   for	
   the	
   samples	
   activated	
   with	
   two	
   different	
  

methods	
   show	
  also	
   diversity.	
   For	
   the	
   supercritical	
   CO2	
   activated	
   sample,	
   the	
   pore	
   volume	
  

was	
   found	
   to	
   be	
   0.73	
   cm3/g,	
  while	
   for	
   the	
   acetone	
   exchanged	
   and	
   evacuated	
   sample	
   the	
  

pore	
  volume	
  was	
  found	
  to	
  be	
  0.50	
  cm3/g.	
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ZnPrBPDC	
   showed	
   porosity	
   only	
   after	
   supercritical	
   CO2	
   activation	
   (Figure	
   2.63).	
   A	
   large	
  

hysteresis	
  was	
  observed	
  between	
  0.05<	
  p<	
  1.0.	
  Such	
  a	
  behavior	
  is	
  not	
  observed	
  for	
  the	
  other	
  

three	
   MOFs.	
   The	
   reason	
   for	
   this	
   can	
   be	
   the	
   difference	
   in	
   the	
   size	
   of	
   the	
   chains.	
   Most	
  

probably	
  this	
  is	
  because	
  of	
  the	
  position	
  of	
  the	
  amide	
  chain	
  in	
  the	
  network.	
  	
  It	
  should	
  be	
  also	
  

stated	
  that	
  the	
  N2	
  adsorption	
  measurements	
  for	
  ZnPrBPDC	
  took	
  a	
  longer	
  time	
  compared	
  to	
  

the	
  other	
  samples`	
  measurements.	
  In	
  other	
  words,	
  the	
  equilibrium	
  state	
  was	
  hard	
  to	
  achieve	
  

for	
  ZnPrBPDC	
  which	
  means	
   it	
  was	
  difficult	
   for	
   the	
  N2	
  molecules	
   to	
  enter	
   the	
  pores.	
  When	
  

they	
   were	
   inside	
   the	
   pores	
   it	
   also	
   seems	
   to	
   be	
   difficult	
   for	
   them	
   to	
   leave	
   the	
   structure,	
  

probably	
   N2	
   molecules	
   were	
   trapped	
   inside	
   resulting	
   in	
   a	
   large	
   hysteresis.	
   This	
   is	
   a	
   very	
  

interesting	
  behavior	
  since	
  the	
  material	
  opens	
  the	
  way	
  to	
  selectively	
  catch	
  the	
  molecules,	
  but	
  

not	
  let	
  them	
  to	
  leave.	
  	
  

The	
  BET	
  surface	
  area	
  was	
  calculated	
  to	
  be	
  325	
  m2/g,	
  which	
  is	
  lower	
  than	
  the	
  surface	
  area	
  of	
  

ZnAcBPDC.	
  This	
   low	
  surface	
  area	
  can	
  be	
   the	
   result	
  of	
   the	
  selectivity	
  of	
   the	
  material	
  which	
  

also	
   resulted	
   in	
  a	
   low	
  pore	
  volume	
   to	
  be	
  0.15	
   cm3/g.	
  According	
   to	
  our	
   knowledge,	
   such	
  a	
  

material	
   does	
   not	
   exist	
   in	
   the	
   literature	
   and	
   it	
   can	
   be	
   a	
   good	
   candidate	
   for	
   selective	
   gas	
  

adsorption.	
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Figure	
   2.63	
  N2	
   adsorption	
   (close	
   circles)	
   and	
   desorption	
   (open	
  
circles)	
   isotherms	
   of	
   the	
   acetone	
   exchanged	
   and	
   evacuated	
  
ZnPrBPDC	
  sample.	
  

	
  

N2	
  adsorption	
  measurements	
  were	
  also	
  applied	
  to	
  differently	
  activated	
  ZnBuBPDC	
  samples.	
  

In	
  this	
  case,	
  the	
  supercritical	
  CO2	
  activated	
  samples	
  did	
  not	
  show	
  any	
  porosity.	
  	
  The	
  acetone	
  

exchanged	
  and	
  evacuated	
  sample	
  showed	
  a	
  reversible	
  Type	
  I	
  isotherm	
  (Figure	
  2.64).	
  A	
  small	
  

hysteresis	
   was	
   observed	
   between	
   0.4	
   <	
   p	
   <	
   0.7.	
   This	
   can	
   be	
   again	
   attributed	
   to	
   the	
  

intercrystalline	
  voids.	
  	
  	
  

The	
  BET	
  surface	
  area	
  of	
  non-­‐interpenetrated	
  ZnBuBPDC	
  was	
  calculated	
  as	
  850	
  m2/g,	
  which	
  is	
  

lower	
  than	
  the	
  ZnAcBPDC	
  sample	
  activated	
  with	
  the	
  same	
  method	
  (920	
  m2/g)	
  that	
  contains	
  

two	
   phases.	
   The	
   lower	
   surface	
   area	
   of	
   ZnBuBPDC	
   can	
   be	
   attributed	
   to	
   the	
   longer	
   amide	
  

chains	
  in	
  the	
  pores.	
  Moreover	
  poor	
  activation	
  of	
  the	
  material	
  can	
  be	
  another	
  reason	
  for	
  the	
  

lower	
  surface	
  area.	
  The	
  pore	
  volume	
  was	
  calculated	
  as	
  0.	
  43	
  cm3/g.	
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Figure	
   2.64	
   N2	
   adsorption	
   (close	
   circles)	
   and	
   desorption	
   (open	
  
circles)	
   isotherms	
   of	
   the	
   acetone	
   exchanged	
   and	
   evacuated	
  
ZnBuBPDC	
  sample.	
  

	
  

A	
  similar	
  behavior	
  was	
  also	
  observed	
  for	
  the	
  N2	
  adsorption	
  of	
  ZnPeBPDC.	
  The	
  supercritical	
  

CO2	
   activated	
   sample	
   did	
   not	
   show	
   any	
   porosity.	
   The	
   acetone	
   exchanged	
   and	
   evacuated	
  

sample	
  showed	
  a	
  Type	
  I	
  isotherm	
  with	
  a	
  small	
  hysteresis	
  (Figure	
  2.65).	
  	
  The	
  BET	
  surface	
  area	
  

for	
   ZnPeBPDC	
   was	
   found	
   as	
   1100	
  m2/g,	
  which	
   is	
   higher	
   than	
   the	
   surface	
   areas	
   found	
   for	
  

ZnAcBPDC	
   and	
   ZnBuBPDC	
   samples	
   activated	
  with	
   the	
   same	
  method.	
   Although	
   ZnPeBPDC	
  

has	
  a	
  longer	
  amide	
  chain,	
  this	
  higher	
  surface	
  area	
  can	
  be	
  the	
  result	
  of	
  an	
  efficient	
  activation	
  

of	
   the	
  material.	
  The	
  pore	
  volume	
  of	
  0.60	
  cm3/g	
  which	
   is	
  higher	
  than	
  the	
  other	
  two	
  MOFs`	
  

pore	
  volumes	
  also	
  supports	
  this	
  attribution	
  showing	
  the	
  effective	
  activation	
  of	
  the	
  material.	
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Figure	
   2.65	
   N2	
   adsorption	
   (close	
   circles)	
   and	
   desorption	
   (open	
  
circles)	
   isotherms	
   of	
   acetone	
   exchanged	
   and	
   evacuated	
  
ZnPeBPDC	
  sample.	
  

	
  

Table	
   2.16	
   Summary	
   of	
   the	
   N2	
   adsorption	
   measurements	
   of	
   ZnAcBPDC,	
   ZnPrBPDC,	
  
ZnBuBPDC	
  and	
  ZnPeBPDC.	
  

	
   ABET	
  (m2/g)	
  a	
   ABET	
  (m2/g)	
  b	
   Vp	
  (cm3/g)	
  a	
   Vp	
  (cm3/g)	
  b	
  

ZnAcBPDC	
   920	
   1588	
   0.50	
   0.73	
  

ZnPrBPDC	
   -­‐-­‐	
   325	
   -­‐-­‐	
   0.15	
  

ZnBuBPDC	
   850	
   -­‐-­‐	
   0.43	
   -­‐-­‐	
  

ZnPeBPDC	
   1100	
   -­‐-­‐	
   0.60	
   -­‐-­‐	
  

Acronyms:	
  ABET;	
  BET	
  surface	
  area,	
  Vp;	
  measured	
  pore	
  volume.	
  a	
  the	
  sample	
  exchanged	
  with	
  acetone	
  
and	
  evacuated	
  at	
  80°C	
  for	
  24h.	
  b	
  the	
  super	
  critical	
  CO2	
  activated	
  samples.	
  

	
  

	
  

	
  
	
  



Metal	
  Organic	
  Frameworks	
  

83	
  
	
  

2.5.3	
  Alkane	
  and	
  Alkene	
  Adsorptions	
  of	
  ZnAcBPDC	
  and	
  ZnBuBPDC	
  	
  
	
  

ZnAcBPDC	
   and	
   ZnBuBPDC	
  were	
   tested	
   for	
   alkane	
   and	
   alkene	
   adsorptions.	
   For	
   this	
   study	
  

pure	
  alkanes	
  (CH4,	
  C2H6,	
  C3H8,	
  and	
  n-­‐C4H10)	
  and	
  alkenes	
  (C2H4,	
  C3H6	
  and	
  n-­‐C4H8)	
  were	
  used.	
  

The	
  static	
  volumetric	
  method	
  was	
  applied	
  for	
  the	
  temperatures	
  273	
  K,	
  293	
  K	
  and	
  313	
  K.	
  The	
  

acetone	
  exchanged	
  samples	
  were	
  activated	
  over	
  night	
  at	
  298	
  K	
  and	
  a	
  pressure	
  of	
  p	
  <	
  10-­‐5	
  

mbar.	
   The	
   thermostated	
   system	
  which	
  was	
   described	
   in	
   the	
   adsorption	
  measurements	
   of	
  

ZnBrBPDC,	
  ZnNO2BPDC	
  and	
  ZnNH2BPDC	
  was	
  used	
  to	
  measure	
  the	
  isotherms.	
  	
  	
  

	
  

ZnAcBPDC	
   showed	
   good	
   affinities	
   for	
   C3H8	
   and	
   n-­‐C4H10	
   at	
   all	
   temperatures	
   (Table	
   2.17,	
  

Figure	
  2.66).	
  For	
  both	
  gases	
  the	
  maximum	
  uptake	
  was	
  observed	
  at	
  273	
  K	
  as	
  6.75	
  and	
  6.85	
  

mmol/g	
  respectively.	
  When	
  the	
  temperature	
  was	
  increased	
  to	
  293	
  K	
  and	
  313	
  K,	
  a	
  decrease	
  

of	
  the	
  uptakes	
   is	
  observed	
  for	
  all	
  gases	
  as	
   it	
  was	
  also	
  observed	
  for	
  ZnBrBPDC,	
  ZnNO2BPDC	
  

and	
  ZnNH2BPDC,	
  which	
  is	
  the	
  result	
  of	
  the	
  increasing	
  thermal	
  energy	
  of	
  the	
  gas	
  molecules	
  at	
  

higher	
  temperatures.	
  	
  

	
  

Table	
  2.17	
  Maximum	
  alkane	
  loadings	
  of	
  ZnAcBPDC	
  at	
  273,	
  293	
  and	
  313	
  K.	
  

	
   T	
  =	
  273	
  K	
   T	
  =	
  293	
  K	
   T	
  =	
  313	
  K	
  

CH4	
   1.06	
  mmol/g	
   0.79	
  mmol/g	
   0.70	
  mmol/g	
  

C2H6	
   1.13	
  mmol/g	
   0.87	
  mmol/g	
   0.63	
  mmol/g	
  

C3H8	
   6.75	
  mmol/g	
   6.04	
  mmol/g	
   5.33	
  mmol/g	
  

n-­‐C4H10	
   6.85	
  mmol/g	
   6.07	
  mmol/g	
   5.96	
  mmol/g	
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Figure	
  2.66	
  Alkane	
  adsorptions	
  of	
  ZnAcBPDC	
  at	
  273,	
  293	
  and	
  313	
  K.	
  

Among	
   the	
  alkenes,	
  ZnAcBPDC	
   showed	
   the	
  maximum	
  uptake	
   for	
  C3H6	
   at	
   all	
   temperatures	
  

(Table	
   2.18).	
   It	
   is	
   also	
   observed	
   for	
   alkenes	
   that	
   when	
   the	
   temperature	
   increases,	
   the	
  

adsorbed	
  amount	
  decreases	
  (Figure	
  2.67).	
  	
  The	
  lowest	
  affinity	
  was	
  observed	
  for	
  the	
  smallest	
  

alkene;	
  C2H4	
  at	
  all	
  temperatures.	
  Such	
  a	
  tendency	
  was	
  also	
  noted	
  for	
  the	
  alkane	
  adsorption.	
  

Contrary	
   to	
   the	
   alkanes,	
   the	
  maximum	
   loading	
  was	
  obtained	
   for	
  C3H6,	
   not	
   for	
   the	
   longest	
  

chain	
  alkene	
  n-­‐C4H8.	
  

Table	
  2.18	
  Maximum	
  alkene	
  loadings	
  of	
  ZnAcBPDC	
  at	
  273,	
  293	
  and	
  313	
  K.	
  

	
   T	
  =	
  273	
  K	
   T	
  =	
  293	
  K	
   T	
  =	
  313	
  K	
  

C2H4	
   5.98	
  mmol/g	
   4.44	
  mmol/g	
   2.94	
  mmol/g	
  

C3H6	
   7.12	
  mmol/g	
   6.46	
  mmol/g	
   5.72	
  mmol/g	
  

n-­‐C4H8	
   6.92	
  mmol/g	
   5.98	
  mmol/g	
   5.53	
  mmol/g	
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Figure	
  2.67	
  Alkene	
  adsorptions	
  of	
  ZnAcBPDC	
  at	
  273,	
  293	
  and	
  313	
  K.	
  

	
  

ZnBuBPDC	
  showed	
  also	
  similar	
  behaviors	
  as	
  ZnAcBPDC	
  for	
  the	
  examined	
  gases	
  (Figure	
  2.68).	
  

The	
  maximum	
  uptakes	
  were	
  observed	
   for	
  C3H8	
  and	
  n-­‐C4H10	
  at	
  all	
   temperatures.	
  When	
  the	
  

adsorption	
   behaviors	
   of	
   ZnBuBPDC	
   are	
   compared	
   with	
   ZnAcBPDC,	
   it	
   is	
   clearly	
   seen	
   that	
  

ZnBuBPDC	
   reveals	
  weaker	
  affinities	
   to	
   the	
  all	
   alkanes	
  examined.	
   This	
   can	
  be	
  attributed	
   to	
  

the	
  longer	
  chain	
  functional	
  group	
  in	
  ZnBuBPDC,	
  which	
  also	
  decreases	
  the	
  surface	
  area.	
  

The	
   adsorbent	
   showed	
   the	
   similar	
   affinities	
   to	
   all	
   gases	
   at	
   different	
   temperatures.	
   The	
  

maximum	
  loadings	
  of	
  ZnBuBPDC	
  are	
  shown	
  in	
  Table	
  2.19.	
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   Table	
  2.19	
  Maximum	
  alkane	
  loadings	
  of	
  ZnBuBPDC	
  at	
  273,	
  293	
  and	
  313	
  K.	
  

	
   273	
  K	
   293	
  K	
   313	
  K	
  

CH4	
   1.04	
  mmol/g	
   0.75	
  mmol/g	
   0.61	
  mmol/g	
  

C2H6	
   2.52	
  mmol/g	
   1.79	
  mmol/g	
   1.29	
  mmol/g	
  

C3H8	
   3.26	
  mmol/g	
   2.87	
  mmol/g	
   2.55	
  mmol/g	
  

n-­‐C4H10	
   3.96	
  mmol/g	
   3.79	
  mmol/g	
   3.41	
  mmol/g	
  

	
  

When	
  the	
  temperature	
  was	
  increased	
  to	
  293	
  K	
  and	
  313	
  K,	
  a	
  decrease	
  is	
  again	
  viewed	
  in	
  the	
  

gas	
  uptakes.	
  For	
  n-­‐C4H10,	
  the	
  temperature	
  effect	
  is	
  lower	
  than	
  for	
  the	
  other	
  gases	
  and	
  very	
  

close	
   uptakes	
   were	
   obtained.	
   Such	
   a	
   behavior	
   can	
   be	
   an	
   advantage	
   for	
   the	
   industrial	
  

applications.	
  Since	
  the	
  adsorption	
  or	
  separation	
  of	
  n-­‐butane	
  can	
  be	
  effectively	
  performed	
  at	
  

room	
   temperature	
   with	
   ZnBuBPDC,	
   extra	
   energy	
   consumption	
   for	
   the	
   heating	
   or	
   cooling	
  

processes	
  may	
  not	
  be	
  necessary.	
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Figure	
  2.68	
  Alkane	
  adsorptions	
  of	
  ZnBuBPDC	
  at	
  273,	
  293	
  and	
  313	
  K.	
  

ZnBuBPDC	
  was	
  also	
  tested	
  for	
  alkene	
  adsorption.	
  Lower	
  uptakes	
  were	
  observed	
  compared	
  

to	
  ZnAcBPDC	
  (Table	
  2.20,	
  Figure	
  2.69).	
  	
  The	
  effect	
  of	
  temperature	
  on	
  adsorption	
  amounts	
  is	
  

also	
  quite	
  smooth	
  for	
  alkenes.	
  Especially	
  for	
  C3H6	
  and	
  n-­‐C4H8	
  maximum	
  gas	
  uptakes	
  are	
  very	
  

close	
  to	
  each	
  other	
  at	
  all	
  temperatures.	
  Among	
  these	
  three	
  alkenes,	
  maximum	
  affinity	
  was	
  

viewed	
  for	
  C3H6	
  as	
  in	
  the	
  adsorption	
  by	
  ZnAcBPDC.	
  	
  

	
  

Table	
  2.20	
  Maximum	
  alkene	
  loadings	
  of	
  ZnBuBPDC	
  at	
  273,	
  293	
  and	
  313	
  K.	
  

	
   T	
  =	
  273	
  K	
   T	
  =	
  293	
  K	
   T	
  =	
  313	
  K	
  

C2H4	
   3.57	
  mmol/g	
   2.67	
  mmol/g	
   1.88	
  mmol/g	
  

C3H6	
   3.65	
  mmol/g	
   3.57	
  mmol/g	
   3.40	
  mmol/g	
  

n-­‐C4H8	
   3.61	
  mmol/g	
   3.48	
  mmol/g	
   3.10	
  mmol/g	
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Figure	
  2.69	
  Alkene	
  adsorptions	
  of	
  ZnBuBPDC	
  at	
  273,	
  293	
  and	
  313	
  K.	
  

	
  

2.5.4	
  CO2	
  Adsorptions	
  of	
  ZnAcBPDC	
  and	
  ZnBuBPDC	
  
	
  

World´s	
  energy	
  demand	
  is	
  mostly	
  met	
  by	
  the	
  combustion	
  of	
  the	
  fossil	
  fuels	
  which	
  causes	
  CO2	
  

emission.155	
  Besides	
  the	
  fuel	
  combustion,	
   it	
   is	
  also	
  known	
  that	
  at	
   least	
  40	
  %	
  of	
  annual	
  CO2	
  

emissions	
   are	
   produced	
   by	
   coal-­‐fired	
   power	
   plants.156	
   No	
   doubt,	
   this	
   value	
   will	
   increase	
  

because	
  of	
  the	
  rising	
  living	
  standards	
  and	
  the	
  growing	
  population	
  worldwide.	
  Therefore	
  the	
  

development	
  of	
  CO2	
  capturing	
  methods	
  is	
  one	
  of	
  the	
  most	
  important	
  issues.	
  	
  

The	
   usage	
   of	
   porous	
   materials	
   showing	
   affinity	
   for	
   the	
   CO2	
   capture	
   is	
   thought	
   to	
   be	
   an	
  

alternative	
  and	
  a	
  more	
  promising	
  solution	
  139	
  than	
  storing	
  CO2	
  in	
  the	
  underground	
  geological	
  

formations	
  157	
  or	
  using	
  the	
  amine	
  scrubbers.158	
  Due	
  their	
  properties,	
  such	
  as	
  porous	
  nature,	
  

high	
   surface	
   areas	
   and	
   tunable	
   structures,	
   MOFs	
   are	
   among	
   the	
   most	
   promising	
   porous	
  

materials	
  for	
  CO2	
  capturing	
  and	
  adsorption.131,	
  132,135,159	
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In	
  this	
  study,	
  we	
  tested	
  ZnBrBPDC,	
  ZnNO2BPDC,	
  ZnNH2BPDC,	
  ZnAcBPDC	
  and	
  ZnBuBPDC	
  for	
  

CO2	
   adsorption.	
   Among	
   these,	
   ZnAcBPDC	
   and	
   ZnBuBPDC	
   showed	
   good	
   affinities	
   for	
   CO2	
  

adsorption	
  (Table	
  2.21,	
  Figure	
  2.70).	
  	
  	
  

As	
  a	
  similar	
  trend	
  to	
  alkane	
  and	
  alkene	
  adsorption,	
  the	
  maximum	
  uptakes	
  were	
  observed	
  at	
  

273	
  K.	
  Moreover,	
  when	
  the	
  temperature	
  was	
  increased,	
  the	
  uptakes	
  decreased	
  as	
  expected.	
  	
  

	
  

Table	
   2.21	
   Maximum	
   CO2	
   uptakes	
   of	
   the	
   adsorbents	
   ZnAcBPDC	
   and	
  
ZnBuBPDC	
  at	
  273,	
  293	
  and	
  313	
  K.	
  

	
   273	
  K	
   293	
  K	
   313	
  K	
  

ZnAcBPDC	
   4.65	
  mmol/g	
   2.91	
  mmol/g	
   2.06	
  mmol/g	
  

ZnBuBPDC	
   2.97	
  mmol/g	
   1.75	
  mmol/g	
   1.28	
  mmol/g	
  

	
  

	
   	
  

Figure	
  2.70	
  CO2	
  adsorption	
  of	
  (a)	
  ZnAcBPDC	
  and	
  (b)	
  ZnBuBPDC.	
  

	
  

The	
  maximum	
  uptake	
  was	
  observed	
  by	
  ZnAcBPDC	
  (4.65	
  mmol/g)	
  at	
  273	
  K.	
  When	
  this	
  result	
  

is	
   compared	
  with	
   the	
  CH4	
  adsorption	
  at	
   the	
  same	
  temperature,	
  ZnAcBPDC´s	
   selectivity	
   for	
  

CO2	
   is	
   clearly	
   seen	
   even	
   at	
   high	
   temperatures.	
   In	
   the	
   separation	
   processes,	
   the	
   relative	
  

selectivity	
   of	
   the	
   adsorbent	
   for	
   different	
   sorbates	
   is	
   the	
  most	
   important	
   and	
   determining	
  

factor.137	
   Therefore,	
   according	
   to	
   these	
   results	
   ZnAcBPDC	
   can	
   be	
   used	
   for	
   the	
   CO2/CH4	
  

separations	
  (Table	
  2.22).	
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Table	
  2.22	
  Maximum	
  uptakes	
  of	
  ZnAcBPDC	
  for	
  CO2	
  and	
  CH4	
  adsorptions	
  at	
  
different	
  temperatures.	
  

	
   273	
  K	
   293	
  K	
   313	
  K	
  

CH4	
   1.06	
  mmol/g	
   0.79	
  mmol/g	
   0.70	
  mmol/g	
  

CO2	
   4.65	
  mmol/g	
   2.91	
  mmol/g	
   2.06	
  mmol/g	
  

	
  

2.5.5	
  Dye	
  Adsorption	
  of	
  ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC	
  
	
  

Besides	
   N2	
   adsorption,	
   another	
   method	
   to	
   determine	
   the	
   porosity	
   of	
   the	
   MOFs	
   is	
   dye	
  

adsorption.85	
  Having	
  this	
  knowledge,	
  ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC	
  were	
  

tested	
   for	
   their	
   dye	
   adsorption	
   capabilities.	
   In	
   this	
   very	
   simple	
   experiment,	
   saturated	
  

solutions	
  of	
  para	
  red	
  were	
  prepared	
  using	
  DMF	
  as	
  a	
  solvent.	
  The	
  colorless	
  crystals	
  of	
  MOFs	
  

were	
  added	
  into	
  the	
  dye	
  solutions.	
  2	
  min	
  after	
  the	
  addition,	
  a	
  color	
  change	
  from	
  colorless	
  to	
  

red	
  was	
  observed	
  for	
  ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC	
  (Figure	
  2.71).	
  	
  

For	
   ZnAcBPDC,	
   2	
   h	
   after	
   the	
   addition,	
   a	
   color	
   change	
   from	
   colorless	
   to	
   dark	
   yellow	
   was	
  

observed.	
   This	
   color	
   difference	
   can	
   be	
   attributed	
   to	
   the	
   two	
   different	
   phases	
   present	
   in	
  

ZnAcBPDC.	
   	
   This	
  means,	
  one	
  of	
   the	
  phases,	
  most	
  probably	
   the	
  non-­‐interpenetrated	
  phase	
  

adsorbs	
  para	
   red,	
  but	
   the	
  other	
  phase	
  has	
  no	
  affinity	
   to	
  para	
   red.	
  Therefore,	
  not	
  only	
   the	
  

adsorption	
  took	
  longer	
  time	
  but	
  also	
  a	
  very	
  small	
  amount	
  of	
  para	
  red	
  was	
  adsorbed	
  resulting	
  

in	
  a	
  dark	
  yellow	
  color	
  instead	
  of	
  red.	
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Figure	
   2.71	
   Adsorption	
   of	
   para	
   red.	
   ZnAcBPDC	
   (a),	
   ZnPrBPDC	
   (b),	
   ZnBuBPDC	
   (c)	
   and	
  
ZnPeBPDC	
  (d).	
  

	
  

2.6	
  The	
  Thiophene	
  Linkers	
  

The	
   structure	
   of	
   the	
  MOFs	
   can	
   be	
   easily	
   altered	
   by	
   the	
   linker	
   choice.	
   Since	
   large	
   surface	
  

areas	
  and	
  pore	
  volumes	
  are	
  always	
  desirable	
  for	
  catalysis	
  or	
  gas	
  adsorption	
  applications,	
  the	
  

linker	
  design	
  is	
  one	
  of	
  the	
  key	
  points	
  of	
  the	
  MOF	
  synthesis.	
  The	
  usage	
  of	
  long	
  linkers	
  is	
  the	
  

most	
  common	
  strategy	
  to	
  reach	
  high	
  surface	
  areas	
  and	
  large	
  pores.	
  We,	
  therefore,	
  thought	
  

about	
  modifying	
  the	
  three	
  aryl	
  dihalides	
  which	
  were	
  previously	
  synthesized	
  by	
  our	
  group	
  160	
  

to	
   yield	
   long	
   carboxylate	
   linkers	
   suitable	
   for	
   the	
   large	
  pore	
   volume	
  MOF	
   synthesis	
   (Figure	
  

2.72).	
  Besides	
   the	
   length	
  of	
   the	
  compounds,	
  another	
   interesting	
   feature	
  of	
   these	
   linkers	
   is	
  

their	
  highly	
  fluorescent	
  backbone	
  which	
  could	
  be	
  used	
  as	
  a	
  portable	
  sensor	
  kit	
  like	
  MOF-­‐A-­‐

GO	
  which	
  was	
  reported	
  by	
  Lee	
  et	
  al.161	
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Figure	
  2.72	
  Precursors	
  for	
  the	
  thiophene	
  linkers.	
  

	
  

A	
  study	
  by	
  Heck	
  et	
  al.	
  shows	
  that	
  the	
  esters	
  can	
  be	
  catalytically	
  synthesized	
  with	
  good	
  yields	
  

using	
  palladium	
  acetate	
  as	
  a	
  catalyst	
   in	
  the	
  presence	
  of	
  an	
  alcohol	
  and	
  a	
  tertiary	
  amine.162	
  

The	
  possible	
  mechanism	
  includes	
  firstly	
  the	
  catalyst	
  activation	
  by	
  CO	
  insertion	
  (I).	
  Oxidative	
  

addition	
  of	
  aryl	
  halide	
  to	
  the	
  palladium	
  complex	
  (II)	
   is	
   followed	
  by	
  an	
   insertion	
  of	
  the	
  alkyl	
  

group	
   into	
   the	
   carbonyl	
   group	
   (III).163	
   Reductive	
   elimination	
   of	
   the	
   palladium	
   complex	
   by	
  

attack	
  of	
   the	
  alcohol	
   results	
   in	
   the	
   formation	
  of	
  a	
  hydrido-­‐palladium	
  complex	
   (III)	
   and	
   the	
  

ester.	
  Then,	
   the	
  hydride	
   loses	
  HX	
   in	
   the	
  presence	
  of	
  a	
   tertiary	
  amine	
  and	
   regenerates	
   the	
  

catalyst	
  (IV)	
  (Scheme	
  2.10).	
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Scheme	
  2.10	
  Mechanism	
  for	
  the	
  palladium	
  catalyzed	
  carboalkylation.	
  

For	
  the	
  synthesis	
  of	
  aryl	
  substituted	
  thienyl	
  esters,	
  the	
  corresponding	
  iodo	
  derivatives	
  17,	
  18	
  

and	
  19	
  were	
  used.	
  It	
  was	
  shown	
  in	
  the	
  literature	
  that	
  different	
  palladium	
  complexes	
  such	
  as	
  

dihalo	
   or	
   haloarylbis(triphenylphosphine)palladium(II)	
   can	
   be	
   used	
   for	
   such	
  

carboalkoxylation	
   reactions.162	
   	
   It	
   was	
   also	
   shown	
   that	
   using	
   palladium	
   acetate	
   as	
   the	
  

catalyst	
  with	
  the	
  addition	
  of	
  triphenylphosphine	
  can	
  lead	
  to	
  identical	
  activities.	
  Moreover,	
  a	
  

usage	
  of	
  an	
  excess	
  triphenylphosphine	
  results	
  in	
  an	
  acceleration	
  of	
  the	
  CO	
  insertion.	
  For	
  this	
  

reason	
  palladium	
  acetate	
  was	
  preferred	
  and	
  three	
  equivalents	
  of	
   triphenylphosphine	
  were	
  

applied	
   to	
   the	
   reaction	
  medium.	
  The	
   reduction	
  of	
  palladium(II)	
   acetate	
  was	
  performed	
  by	
  

carbon	
  monoxide.	
  Due	
  to	
  the	
  low	
  solubility	
  of	
  the	
  thienyl	
  compounds,	
  n-­‐butanol	
  was	
  used	
  to	
  

obtain	
   a	
   longer	
   chain	
   ester	
   to	
   overcome	
   the	
   solubility	
   problem	
   for	
   the	
   following	
   steps	
  

(Scheme	
  2.11).	
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Scheme	
  2.11	
  Carboalkylation	
  reaction	
  of	
  17,	
  18	
  and	
  19.	
  

	
  

For	
   the	
   first	
   attempts,	
   carbon	
  monoxide	
  was	
   passed	
   through	
   the	
   reaction	
  medium	
  with	
   a	
  

continuous	
  flow	
  for	
  30	
  hours	
  at	
  100	
  °C.	
  The	
  NMR	
  analysis	
  showed	
  that	
  a	
  mixture	
  of	
  the	
  ester	
  

and	
   the	
   starting	
  material	
  was	
  obtained	
  at	
   the	
  end	
  of	
   the	
   reaction.	
   Increasing	
   the	
   reaction	
  

time	
   and	
   the	
   amount	
   of	
   the	
   reactants	
   did	
   not	
   increase	
   the	
   conversion.	
   The	
   reason	
   for	
  

incomplete	
  reaction	
  was	
  attributed	
  to	
  the	
  insufficient	
  carbonmonoxide	
  interaction	
  with	
  the	
  

catalyst.	
   For	
   this	
   reason,	
   instead	
   of	
   passing	
   a	
   CO	
   stream,	
   a	
   constant	
   pressure	
   of	
  

carbonmonoxide	
  was	
  applied	
  by	
  performing	
  the	
  reaction	
  in	
  a	
  stainless	
  steel	
  autoclave.	
  After	
  

the	
  optimization	
  of	
  the	
  reaction	
  conditions,	
  NMR,	
  IR	
  and	
  elemental	
  analysis	
  confirmed	
  that	
  

the	
  target	
  esters	
  20,	
  21	
  and	
  22	
  were	
  successfully	
  synthesized	
  in	
  good	
  yields	
  (Figure	
  2.73).	
  	
  

	
  

Figure	
  2.73	
  Esters	
  20,	
  21	
  and	
  22.	
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The	
   1H	
  NMR	
  spectrum	
  of	
  20	
   reveals	
   three	
  peaks	
   in	
   the	
  aromatic	
   region	
   (Figure	
  2.74).	
   The	
  

four	
   protons	
   of	
   the	
   phenyl	
   ring	
   (H1)	
   give	
   a	
   singlet	
   at	
   7.65	
   ppm.	
   The	
   thiophene	
   protons	
  

neighboring	
   the	
   carboxyl	
   group	
   (H5)	
   appear	
   as	
   a	
   doublet	
   at	
   7.76	
   ppm	
   with	
   a	
   coupling	
  

constant	
  of	
  4.0	
  Hz.	
  Similar	
  to	
  the	
  second	
  thiophene	
  protons	
  (H6)	
  appearing	
  at	
  7.31	
  ppm.	
  The	
  

methylene	
  protons	
  neighboring	
  to	
  oxygen	
   (H8)	
  show	
  a	
  triplet	
  at	
  4.31	
  ppm	
  with	
  a	
  coupling	
  

constant	
   of	
   6.8	
   Hz,	
   while	
   the	
   other	
   methylene	
   units	
   (H9	
   and	
   H10)	
   of	
   the	
   butoxy	
   groups	
  

appear	
  as	
  multiplets	
  at	
  1.78–1.71	
  and	
  1.52–1.43	
  ppm	
  respectively.	
  The	
  methyl	
  groups	
  (H11)	
  

show	
  a	
  triplet	
  at	
  0.98	
  ppm	
  with	
  a	
  coupling	
  constant	
  of	
  7.2	
  Hz.	
  Eleven	
  signals	
  in	
  the	
  13C	
  NMR	
  

spectrum	
  also	
  confirm	
  the	
  structure	
  (Figure	
  2.75).	
  The	
  carbon	
  atoms	
  of	
  the	
  carboxylic	
  group	
  

resonate	
  at	
  162.3	
  ppm.	
  HMBC	
  and	
  HMQC	
  techniques	
  were	
  used	
  to	
  assign	
  the	
  other	
  carbon	
  

atoms.

	
  

Figure	
  2.74	
  1H	
  spectrum	
  of	
  20	
  recorded	
  in	
  CDCl3.	
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Figure	
  2.75	
  13C	
  NMR	
  spectrum	
  of	
  20	
  recorded	
  in	
  CDCl3.	
  

	
  

In	
  the	
  1H	
  NMR	
  spectrum	
  of	
  21,	
  the	
  two	
  protons	
  of	
  the	
  phenyl	
  ring	
  (H1)	
  give	
  a	
  singlet	
  at	
  7.34	
  

ppm	
  (Figure	
  2.76),	
  while	
  the	
  methyl	
  groups	
  attached	
  to	
  the	
  phenyl	
  ring	
  (H13)	
  give	
  a	
  singlet	
  

at	
   2.43	
   ppm.	
   The	
   thiophene	
   protons	
   neighboring	
   the	
   carboxyl	
   group	
   (H6)	
   appear	
   as	
   a	
  

doublet	
  at	
  7.78	
  ppm	
  with	
  a	
   coupling	
  constant	
  of	
  3.7	
  Hz,	
  and	
   the	
  other	
   thiophene	
  protons	
  

(H5)	
  show	
  also	
  a	
  doublet	
  at	
  7.09	
  ppm.	
  The	
  methylene	
  protons	
  neighboring	
  the	
  oxygen	
  atom	
  

(H10)	
  are	
  assigned	
  to	
  a	
  triplet	
  at	
  4.32	
  ppm	
  (J	
  =	
  6.6	
  Hz).	
  While	
  the	
  other	
  methylene	
  units	
  of	
  

the	
   butoxy	
   groups	
   (H11	
   and	
   H12)	
   appear	
   as	
   multiplets	
   at	
   1.78–1.71	
   and	
   1.52–1.43	
   ppm	
  

respectively.	
  The	
  methyl	
  groups	
  (H12)	
  show	
  a	
  triplet	
  at	
  0.98	
  ppm	
  with	
  a	
  coupling	
  constant	
  of	
  

7.4	
  Hz.	
  	
  

As	
  expected,	
  the	
  13C	
  NMR	
  spectrum	
  shows	
  the	
  resonances	
  of	
  eleven	
  carbon	
  atoms	
  (Figure	
  

2.76).	
  The	
  carbonyl	
  carbons	
  appear	
  at	
  162.5	
  ppm.	
  The	
  assignments	
  of	
  the	
  carbon	
  resonances	
  

were	
  done	
  by	
  HMBC	
  and	
  HMQC	
  techniques.	
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Figure	
  2.76	
  1H	
  and	
  13C	
  NMR	
  spectra	
  of	
  21	
  recorded	
  in	
  CDCl3.	
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The	
   1H	
   NMR	
   spectrum	
   of	
   22	
   reveals	
   four	
   peaks	
   in	
   the	
   aromatic	
   region	
   (Figure	
   2.77).	
   Six	
  

protons	
  neighboring	
  the	
  nitrogen	
  atom	
  of	
  the	
  phenyl	
  ring	
  (H2)	
  give	
  a	
  doublet	
  at	
  7.56	
  ppm	
  

with	
   coupling	
   constant	
   of	
   8.6	
   Hz,	
   the	
   other	
   protons	
   of	
   the	
   phenyl	
   ring	
   (H3)	
   also	
   show	
   a	
  

doublet	
  at	
  7.16	
  ppm.	
  The	
  thiophene	
  protons	
  (H7)	
  neighboring	
  the	
  carboxyl	
  group	
  resonate	
  

as	
  a	
  doublet	
  at	
  7.75	
  ppm	
  (J	
  =	
  3.9	
  Hz),	
   the	
  other	
  thiophene	
  protons	
   (H6)	
  appear	
  again	
  as	
  a	
  

doublet	
  at	
  7.23	
  ppm.	
  The	
  methylene	
  protons	
  neighboring	
  the	
  oxygen	
  (H10)	
  show	
  a	
  triplet	
  at	
  

4.31	
  ppm	
  (J	
  =	
  6.6	
  Hz).	
  While	
  the	
  other	
  methylene	
  units	
  of	
  the	
  butoxy	
  groups	
  (H11	
  and	
  H12)	
  

appear	
  as	
  multiplets	
  at	
  1.78–1.71	
  ppm	
  and	
  1.52–1.43	
  ppm	
  respectively.	
  The	
  methyl	
  groups	
  

(H13)	
  show	
  a	
  triplet	
  at	
  0.98	
  with	
  coupling	
  constant	
  of	
  7.4	
  Hz.	
  The	
  13C	
  NMR	
  spectrum	
  shows	
  

thirteen	
  signals	
  confirming	
  the	
  structure	
  (Figure	
  2.78).	
  The	
  carbonyl	
  carbon	
  atoms	
  appear	
  at	
  

162.5	
   ppm.	
   HMBC	
   and	
   HMQC	
   techniques	
  were	
   used	
   for	
   labeling	
   the	
   protons	
   and	
   carbon	
  

atoms.	
  

	
  

	
  

Figure	
  2.77	
  1H	
  spectrum	
  of	
  22	
  recorded	
  in	
  CDCl3.	
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Figure	
  2.78	
  13C	
  NMR	
  spectrum	
  of	
  22	
  recorded	
  in	
  CDCl3.	
  

	
  

All	
  three	
  esters	
  were	
  recrystallized	
  from	
  DMF.	
  Single	
  crystal	
  X-­‐ray	
  measurements	
  could	
  not	
  

be	
  applied	
  for	
  the	
  needle-­‐like	
  orange	
  crystals	
  of	
  22.	
  The	
  crystal	
  structures	
  of	
  20	
  and	
  21	
  are	
  

given	
  in	
  Figure	
  2.79	
  and	
  2.80.	
  

	
  

Figure	
  2.79	
  Crystal	
  structure	
  of	
  20.	
  Atom	
  colors:	
  C	
  grey,	
  O	
  red,	
  H	
  white,	
  S	
  yellow.	
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Figure	
  2.80	
  Crystal	
  structure	
  of	
  21.	
  Atom	
  colors:	
  C	
  grey,	
  O	
  red,	
  H	
  white,	
  S	
  yellow.	
  

	
  

The	
  hydrolysis	
  of	
  the	
  esters	
  was	
  performed	
  applying	
  the	
  previously	
  described	
  procedure	
  for	
  

the	
  hydrolysis	
  of	
  the	
  biphenyl	
   linkers.	
   In	
  this	
  case,	
  excess	
  amounts	
  of	
  potassium	
  hydroxide	
  

had	
   to	
   be	
   used	
   for	
   complete	
   hydrolysis.	
   Instead	
   of	
  methanol,	
   ethanol	
  was	
   preferred	
   as	
   a	
  

solvent	
  due	
  to	
  the	
   low	
  solubility	
  of	
   the	
  esters.	
  For	
   the	
   first	
  attempts,	
   it	
  was	
  observed	
  that	
  

short	
  reaction	
  times	
  resulted	
  in	
  a	
  transesterification	
  reaction	
  and	
  a	
  mixture	
  of	
  ethoxy	
  esters	
  

and	
   carboxylic	
   acids	
   were	
   obtained.	
   When	
   the	
   reflux	
   time	
   was	
   increased,	
   a	
   complete	
  

hydrolysis	
   of	
   the	
   esters	
   was	
   achieved	
   and	
   the	
   carboxylic	
   acids	
   23,	
   24	
   and	
   25	
   could	
   be	
  

synthesized	
  successfully	
  (Figure	
  2.81).	
  	
  

The	
   structural	
   elucidations	
   of	
   the	
   carboxylic	
   acids	
  were	
   again	
   done	
  with	
   1H	
   and	
   13C	
   NMR	
  

spectroscopy.	
  The	
  disappearance	
  of	
  the	
  butoxy	
  group	
  was	
  observed	
  for	
  all	
  three	
  compounds	
  

which	
   gives	
   the	
   evidence	
   for	
   a	
   successful	
   synthesis	
   of	
   the	
   carboxylic	
   acids.	
   The	
   elemental	
  

analyses	
  as	
  well	
  as	
  IR	
  measurements	
  also	
  proved	
  the	
  formation	
  of	
  the	
  compounds.	
  	
  

	
   	
  



Metal	
  Organic	
  Frameworks	
  

101	
  
	
  

	
  

Figure	
  2.81	
  Carboxylic	
  acid	
  derivatives	
  23,	
  24	
  and	
  25.	
  

2.7	
  MOF	
  Synthesis	
  using	
  the	
  Thiophene	
  Linkers	
  

The	
   first	
  experiments	
   for	
   the	
  MOFs	
   synthesis	
  were	
  carried	
  out	
  by	
  using	
   linkers	
  23	
  and	
   24.	
  

The	
   synthesis	
   protocol	
   applied	
   for	
   the	
   amide	
   functionalized	
   MOFs	
   was	
   used.	
   For	
   this	
  

purpose,	
   different	
   sets	
   of	
   reaction	
   vials	
   were	
   prepared	
   by	
   keeping	
   the	
   linker	
   amount	
  

constant	
  (0.02	
  g)	
  and	
  changing	
  the	
  amount	
  of	
  Zn(NO3)2·∙4H2O	
  (Table	
  2.23).	
  DMF	
  (4	
  ml)	
  was	
  

used	
  as	
  a	
  solvent.	
  

Table	
   2.23	
   Optimization	
   of	
   the	
  
reaction	
  conditions.	
  

	
   Linker	
  to	
  Zn(NO3)2	
  

·∙	
  4H2O	
  molar	
  ratio	
  

Vial	
  1	
   1:4	
  

Vial	
  2	
   1:5	
  

Vial	
  3	
   1:6	
  

Vial	
  4	
   1:7	
  

Vial	
  5	
   1:8	
  

Vial	
  6	
   1:9	
  

Vial	
  7	
   1:10	
  

Vial	
  8	
   1:11	
  

Vial	
  9	
   1:12	
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After	
   stirring	
   the	
   reaction	
  mediums	
   for	
   15	
  min	
   in	
   order	
   to	
   dissolve	
   all	
   the	
   reactants,	
   the	
  

tightly	
  closed	
  vials	
  were	
  placed	
  in	
  an	
  oven	
  at	
  100	
  °C.	
  After	
  48	
  h,	
  formation	
  of	
  yellow	
  crystals	
  

was	
  observed	
  in	
  vials	
  5	
  to	
  9.	
  Single	
  crystal	
  X-­‐ray	
  measurements	
  of	
  these	
  crystals	
  showed	
  that	
  

zinc	
  formate	
  crystals	
  were	
  formed	
  instead	
  of	
  the	
  target	
  MOF.	
  A	
  possible	
  explanation	
  for	
  the	
  

zinc	
   formate	
   formation	
   could	
   be	
   the	
   slow	
   decomposition	
   of	
   DMF	
   to	
   formate	
   and	
  

dimethylamine	
   at	
   high	
   temperatures	
   and/or	
   under	
   acidic	
   conditions.164	
   Having	
   this	
  

knowledge,	
  another	
  two	
  sets	
  were	
  prepared.	
  A	
  few	
  drops	
  of	
  HBF4	
  and	
  Et3N	
  were	
  added	
  into	
  

each	
  set.	
  The	
  vials	
  containing	
  HBF4,	
  revealed	
  the	
  same	
  type	
  of	
  crystal	
  formation,	
  in	
  the	
  vials	
  

containing	
  Et3N	
  precipitation	
  was	
  occurred.	
  	
  

An	
   alternative	
   method	
   was	
   applied	
   using	
   different	
   solvent	
   mixtures.	
   For	
   this	
   purpose,	
  

different	
   ratios	
   of	
   N-­‐methyl-­‐2-­‐pyrrolidone	
   (NMP)	
   and	
   DMF	
   mixtures	
   were	
   prepared.	
   The	
  

vials	
  containing	
  DMF	
  showed	
  again	
  the	
  same	
  type	
  of	
  crystal	
  formation.	
  The	
  vials	
  containing	
  

only	
  NMP,	
  showed	
  neither	
  crystallization	
  nor	
  precipitation.	
  

The	
  addition	
  of	
  ligands	
  having	
  one	
  coordination	
  site	
  such	
  as	
  acetic	
  acid,	
  benzoic	
  acid,	
  HBF4,	
  

oxalic	
  acid	
  etc.	
  to	
  induce	
  a	
  competition	
  for	
  coordination	
  to	
  the	
  metal	
  cations	
  is	
  known	
  as	
  the	
  

modulator	
   approach.165,166	
  A	
   regulation	
  of	
   the	
   reaction	
   rate	
  and	
   the	
   crystal	
  morphology	
   is	
  

achieved	
   by	
   using	
   such	
   ligands.	
   Since	
   the	
   nucleation	
   is	
   a	
   fast	
   process	
   in	
   the	
   synthesis	
   of	
  

MOFs,	
   the	
   monotopic	
   modulators	
   compete	
   with	
   the	
   multitopic	
   linkers	
   in	
   the	
   reaction	
  

mixture	
   due	
   to	
   the	
   presence	
   of	
   the	
   same	
   functional	
   groups.	
   Since	
   the	
  modulators	
   cannot	
  

build	
  up	
  a	
  framework,	
  they	
  reduce	
  the	
  nucleation	
  rate	
  generating	
  an	
  exchange	
  equilibrium	
  

between	
  the	
  modulator	
  and	
  the	
  linker	
  at	
  the	
  inorganic	
  building	
  units.	
  It	
  is	
  therefore	
  easier	
  to	
  

get	
  crystalline	
  products.	
  In	
  other	
  words,	
  the	
  reactants	
  have	
  enough	
  time	
  to	
  slowly	
  build	
  up	
  a	
  

crystalline	
   framework.	
   Moreover	
   it	
   is	
   possible	
   to	
   tune	
   the	
   crystal	
   size	
   or	
   degree	
   of	
  

aggregation	
  using	
  modulators.	
  167	
  	
  

Having	
   this	
   knowledge,	
   oxalic	
   acid,	
   DABCO	
   and	
   benzoic	
   acid	
   were	
   used	
   as	
   modulators.	
  

Keeping	
  the	
  amounts	
  of	
  the	
  linker,	
  Zn(NO3)2·∙4H2O	
  and	
  solvents	
  (DMF	
  or	
  NMP)	
  constant,	
  the	
  

amount	
   of	
   the	
   modulator	
   was	
   changed.	
   Unfortunately	
   the	
   target	
   MOFs	
   could	
   not	
   be	
  

synthesized	
  under	
  these	
  conditions.	
  Moreover,	
  instead	
  of	
  zinc,	
  cobalt	
  and	
  copper	
  were	
  used	
  

as	
  metals	
   by	
   using	
   Co(NO3)2·∙6H2O	
   and	
   Cu(NO3)2·∙3H2O.	
   The	
   precipitate	
   formed	
   in	
   the	
   vials	
  

was	
   found	
   to	
   be	
   amorphous	
   material	
   by	
   the	
   PXRD	
   measurements.	
   Similar	
   experiments	
  

applied	
  for	
  25	
  were	
  also	
  failed.	
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The	
  most	
  probable	
  reason	
  for	
  the	
  unsuccessful	
  synthesis	
  is	
  the	
  non-­‐linear	
  orientation	
  of	
  the	
  

carboxylic	
   acid	
   groups	
   in	
   the	
  molecules	
   in	
  23	
   and	
  24.	
   In	
  order	
   to	
  prove	
   this	
   idea,	
   another	
  

linker	
  (30)	
  was	
  designed	
  which	
  has	
  its	
  carboxylic	
  acid	
  groups	
  linearly	
  oriented	
  towards	
  each	
  

other	
  (Figure	
  2.82).	
  	
  

	
  

	
  

	
  

Figure	
   2.82	
   Representation	
   of	
   the	
   non-­‐linear	
   carboxylic	
   acid	
  
groups	
   in	
  23	
   (top	
   left),	
  24	
   (top	
  right)	
  and	
   the	
   linear	
  carboxylic	
  
acid	
  groups	
  in	
  30	
  (bottom).	
  

	
  

In	
  this	
  very	
  recent	
  project,	
  starting	
  from	
  1,4-­‐dichloro-­‐2,5-­‐dimethylbenzene	
  (26),	
  the	
  desired	
  

linker	
  will	
  be	
  obtained	
  in	
  four	
  steps	
  (Scheme	
  2.12).	
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Scheme	
  2.12	
  Overall	
  reaction	
  for	
  the	
  synthesis	
  of	
  linker	
  30.	
  

For	
   the	
   synthesis	
   of	
  27,	
   the	
   procedure	
   published	
   by	
   Ruggli	
  et	
   al.	
  was	
   used.168	
   In	
   order	
   to	
  

obtain	
   a	
   large	
   amount	
   of	
   bromine	
   radicals,	
   radiation	
   with	
   visible	
   light	
   using	
   350	
   Watt	
  

daylight	
  lamp	
  and	
  elevated	
  temperature	
  were	
  applied.	
  	
  

After	
  the	
  reaction,	
  the	
  structural	
  elucidation	
  of	
  the	
  obtained	
  white	
  solid	
  was	
  done	
  by	
  1H	
  and	
  
13C	
   NMR	
   spectroscopy.	
   It	
   was	
   observed	
   from	
   the	
   NMR	
   spectra	
   that,	
   both	
   the	
   desired	
  

compound	
  27,	
  as	
  well	
  as	
  small	
  amounts	
  of	
  the	
  side	
  product	
  1-­‐(Bromomethyl)-­‐2,5-­‐dichloro-­‐4-­‐

(dibromomethyl)benzene	
  (31)	
  were	
  formed	
  (Scheme	
  2.13).	
  	
  

	
  

Scheme	
  2.13	
  Bromination	
  of	
  26.	
  



Metal	
  Organic	
  Frameworks	
  

105	
  
	
  

The	
  recrystallization	
  of	
  this	
  mixture	
  from	
  chloroform	
  did	
  not	
  change	
  the	
  ratio	
  of	
  27	
  and	
  the	
  

side	
  product	
  (31).	
  	
  Since	
  it	
  was	
  observed	
  that,	
  in	
  the	
  aldehyde	
  step,	
  it	
  is	
  possible	
  to	
  purify	
  27,	
  

further	
   cleaning	
  was	
  not	
   applied.	
   For	
   the	
   spectroscopic	
  data,	
   the	
   column	
  chromatography	
  

was	
  applied	
  to	
  a	
  small	
  amount	
  of	
  the	
  raw	
  product.	
  	
  	
  

The	
  1H	
  NMR	
  spectrum	
  of	
  purified	
  27	
  shows	
  two	
  singlet	
  peaks	
  as	
  expected	
  (Figure	
  2.83).	
  The	
  

peak	
  at	
  7.95	
  ppm	
  belongs	
  to	
  the	
  phenyl	
  protons.	
  The	
  –CHBr2	
  protons	
  resonate	
  at	
  6.97	
  ppm	
  

as	
  a	
  singlet.	
  The	
  13C	
  NMR	
  spectrum	
  also	
  reveals	
  the	
  successful	
  bromination	
  of	
  26	
  by	
  showing	
  

the	
  expected	
  four	
  peaks	
  (Figure	
  2.84).	
  

	
  

	
  

Figure	
  2.83	
  1H	
  and	
  spectrum	
  of	
  27	
  recorded	
  in	
  CDCl3.	
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Figure	
  2.84	
  13C	
  NMR	
  spectrum	
  of	
  27	
  recorded	
  in	
  CDCl3.	
  

	
  

For	
   the	
   synthesis	
   of	
  28,	
   the	
   hydrolysis	
  was	
   performed	
   using	
  H2SO4	
   and	
   heating	
   at	
   125	
   °C	
  

under	
  pressure.168	
  Purification	
  of	
  the	
  obtained	
  yellow	
  solid	
  with	
  pentane	
  yielded	
  28.	
  The	
  1H	
  

NMR	
  spectrum	
  of	
  the	
  compound	
  proves	
  the	
  successful	
  aldehyde	
  formation	
  with	
  the	
  formyl-­‐

H	
  peak	
  resonating	
  at	
  10.47	
  ppm	
  (Figure	
  2.85).	
  	
  

The	
   13C	
  NMR	
   spectrum	
  of	
  28	
   also	
   strongly	
   reveals	
   the	
   formation	
  of	
   the	
  desired	
   aldehyde.	
  	
  

The	
  aldehyde	
  carbon	
  atoms	
  resonate	
  at	
  188.1	
  ppm	
  (Figure	
  2.85).	
  The	
  elemental	
  analysis	
  and	
  

IR	
  measurements	
  also	
  confirmed	
  the	
  formation	
  of	
  28.	
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Figure	
  2.85	
  1H	
  NMR	
  and	
  13C	
  NMR	
  spectra	
  of	
  27	
  recorded	
  in	
  CDCl3.	
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Up	
   to	
   date,	
   27	
   and	
   28	
  were	
   synthesized	
   successfully.	
   A	
   ring	
   closing	
   reaction	
   with	
   ethyl	
  

mercaptoacetate	
  followed	
  by	
  hydrolysis	
  with	
  KOH	
  in	
  MeOH	
  will	
  be	
  performed	
  to	
  obtain	
  the	
  

desired	
  linker	
  30	
  as	
  a	
  future	
  project.	
  

2.8	
  Zirconium	
  MOFs	
  with	
  linkers	
  7	
  and	
  9;	
  ZrNH2BPDC	
  and	
  ZrAcBPDC	
  

The	
  principal	
  limitation	
  of	
  the	
  MOFs	
  is	
  their	
  limited	
  stability.169	
  Recent	
  studies	
  by	
  Huang	
  and	
  

Hirscher	
  groups	
  151,152	
  clearly	
  showed	
  the	
  decomposition	
  of	
  MOF-­‐5	
  when	
  it	
  is	
  exposed	
  to	
  air.	
  

Moreover,	
   thermal	
  stability	
  of	
  MOFs	
   is	
  also	
   limited.	
   In	
  general	
  MOFs	
  are	
  stable	
  up	
  to	
  350-­‐

400	
  °C	
  170	
  and	
  	
  there	
  are	
  few	
  MOFs	
  which	
  start	
  to	
  decompose	
  above	
  500	
  °C	
  such	
  as	
  MIL-­‐53	
  

(aluminum	
  1,4-­‐benzenedicarboxylate,	
  Al(OH)[O2C-­‐C6H4-­‐CO2]·∙[HO2C-­‐C6H4-­‐CO2H]0.70).	
  171	
  	
  	
  

	
  
Recently,	
  Zirconium-­‐MOFs	
  having	
  higher	
  thermal	
  and	
  chemical	
  stabilities	
  were	
  reported.	
  The	
  

choice	
   of	
   zirconium	
   metal	
   can	
   be	
   explained	
   by	
   the	
   strong	
   interaction	
   of	
   the	
   group	
   four	
  

elements	
  with	
  oxygen	
  which	
  resulting	
  in	
  stable	
  building	
  blocks	
  for	
  oxygen	
  containing.	
  One	
  of	
  

the	
  first	
  examples	
  of	
  Zr-­‐MOFs	
  is	
  UiO-­‐67	
  that	
  contains	
  4,4´-­‐biphenyldicarboxylic	
  acid	
  (BPDC)	
  

as	
  the	
  linker	
  and	
  Zr	
  as	
  the	
  metal	
  (Figure	
  2.86).170	
  	
  

	
  

	
  

Figure	
  2.86	
  The	
   framework	
   connectivity	
  of	
  UiO-­‐
67	
   with	
   the	
   zirconium	
   coordination	
   sphere	
  
(green	
  tetrahedron).	
  Atom	
  colors:	
  C	
  black,	
  O	
  red.	
  
Hydrogen	
   atoms	
   were	
   omitted	
   for	
   the	
  
simplification	
  of	
  the	
  structure.170	
  



Metal	
  Organic	
  Frameworks	
  

109	
  
	
  

However	
  Behrens	
  et.	
  al	
   reported	
  that	
  usage	
  of	
  the	
  published	
  synthesis	
  method	
  resulted	
   in	
  

poorly	
  crystalline	
  materials	
  and	
  in	
  order	
  to	
  obtain	
  a	
  reproducible	
  synthesis,	
  they	
  suggested	
  a	
  

modulation	
  approach	
  for	
  UiO-­‐67	
  which	
  has	
  been	
  explained	
  before	
  in	
  Section	
  2.7.	
  167	
  

	
  

According	
  to	
  our	
  knowledge,	
  functionalized	
  BPDC	
  linkers	
  have	
  so	
  far	
  not	
  been	
  reported	
  for	
  

Zr-­‐MOFs,	
  which	
   can	
  be	
  good	
   candidates	
   for	
   a	
   comparison	
  with	
   IRMOF	
   series	
  by	
  means	
  of	
  

their	
  properties.	
  Moreover,	
  the	
  usage	
  of	
  these	
  linkers	
  can	
  be	
  a	
  good	
  basis	
  to	
  obtain	
  porous	
  

MOFs	
  with	
   UiO-­‐67	
   topology,	
  which	
   has	
   potential	
   for	
   postsynthetic	
  modification	
   using	
   the	
  

modulation	
  approach.	
  Therefore,	
  linkers	
  7	
  and	
  9	
  were	
  decided	
  to	
  be	
  used	
  to	
  synthesize	
  Zr-­‐

MOFs	
  having	
  UiO-­‐67	
  topology.	
  In	
  this	
  very	
  recent	
  project,	
  a	
  cooperation	
  was	
  set	
  up	
  with	
  the	
  

group	
  of	
  Prof.	
  Dr.	
  Behrens	
  from	
  the	
  University	
  of	
  Hannover.	
  	
  

	
  

The	
   Zr-­‐MOFs	
   containing	
   linker	
   7	
   (ZrNH2BPDC)	
   and	
   linker	
   9	
   (ZrAcBPDC)	
   were	
   synthesized	
  

solvothermally	
   in	
   the	
  presence	
  of	
  benzoic	
  acid	
   (30	
  equiv.),	
  using	
  ZrCl4	
  as	
   the	
  metal	
   source	
  

and	
  DMF	
  as	
  the	
  solvent	
  at	
  120	
  °C.	
  After	
  24	
  h,	
  crystal	
  formation	
  was	
  observed	
  (Figure	
  2.87).	
  

For	
   the	
   characterization	
  of	
   the	
  MOFs,	
   the	
   reaction	
  medium	
  was	
   centrifuged,	
  washed	
  with	
  

DMF	
  and	
  ethanol.	
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Figure	
  2.87	
  SEM	
  pictures	
  of	
  ZrNH2BPDC	
  (top)	
  and	
  ZrAcBPDC	
  (bottom).	
  

	
  

2.8.1	
  Characterization	
  of	
  ZrNH2BPDC	
  and	
  ZrAcBPDC	
  
	
  

Single	
  crystal	
  X-­‐ray	
  measurements	
  of	
  ZrNH2BPDC	
  and	
  ZrAcBPDC	
  have	
  not	
  been	
  carried	
  out	
  

yet,	
  but	
  the	
  crystallinity	
  of	
  the	
  materials	
  was	
  proved	
  by	
  PXRD	
  measurements.	
  	
  

	
  

2.8.1.1	
  Powder	
  X-­‐Ray	
  Diffraction	
  (PXRD)	
  Measurements	
  of	
  ZrNH2BPDC	
  and	
  ZrAcBPDC	
  
	
  

The	
  comparison	
  of	
  the	
  PXRD	
  pattern	
  of	
  the	
  new	
  synthesized	
  MOFs	
  with	
  UiO-­‐67	
  is	
  shown	
  in	
  

Figure	
  2.88.	
  	
  While	
  the	
  pattern	
  of	
  ZrNH2BPDC	
  is	
  in	
  good	
  agreement	
  with	
  the	
  PXRD	
  pattern	
  of	
  

UiO-­‐67,	
  the	
  PXRD	
  pattern	
  of	
  ZrAcBPDC	
  shows	
  additional	
  reflections.	
  



Metal	
  Organic	
  Frameworks	
  

111	
  
	
  

	
  

Figure	
  2.88	
  PXRD	
  patterns	
  of	
  the	
  synthesized	
  MOFs	
  and	
  UiO-­‐67.	
  

	
  

The	
  first	
  attempts	
  for	
  the	
  synthesis	
  of	
  these	
  MOFs	
  were	
  done	
  by	
  using	
  30	
  equiv.	
  of	
  benzoic	
  

acid.	
  In	
  order	
  to	
  determine	
  the	
  modulator	
  effect	
  and	
  obtain	
  well-­‐defined	
  crystals,	
  additional	
  

benzoic	
  acid	
   to	
   zirconium(IV)	
  chloride	
   ratios	
  were	
  also	
   tried	
  out	
   for	
  both	
  MOFs.	
  The	
  PXRD	
  

measurements	
  were	
  used	
  to	
  determine	
  the	
  effect.	
  	
  

	
  

In	
   all	
   ratios,	
   the	
   ZrNH2BPDC	
   reflections	
   are	
   in	
   excellent	
   agreement	
   with	
   the	
   UiO-­‐67	
  

reflections	
  (Figure	
  2.89).	
  It	
  can	
  be	
  clearly	
  seen	
  that,	
  when	
  10	
  equiv.	
  benzoic	
  acid	
  were	
  used,	
  

broadened	
   peaks	
   were	
   obtained,	
   revealing	
   the	
   poor	
   crystallinity	
   of	
   the	
   material.	
   Upon	
  

further	
   increasing	
   the	
   amount	
   of	
   modulator	
   benzoic	
   acid	
   to	
   20	
   equiv.,	
   smaller	
   width	
  

reflections	
   were	
   recorded,	
   which	
   is	
   an	
   indication	
   of	
   the	
   formation	
   of	
   larger	
   crystals.	
   The	
  

addition	
   of	
   40	
   equiv.	
   of	
   benzoic	
   acid	
   resulted	
   in	
   again	
   broadened	
   reflections,	
  which	
  were	
  

similar	
  to	
  the	
  above	
  mentioned	
  sample	
  obtained	
  using	
  10	
  equiv.	
  benzoic	
  acid	
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Figure	
   2.89	
   PXRD	
   patterns	
   of	
   UiO-­‐67	
   and	
   ZrNH2BPDC	
   MOFs	
  
prepared	
   with	
   different	
   amounts	
   of	
   benzoic	
   acid	
   (given	
   as	
  
equivalents	
  with	
  respect	
  to	
  ZrCl4).	
  

	
  

For	
  ZrAcBPDC,	
  the	
  modulator	
  effect	
  is	
  much	
  more	
  significant	
  (Figure	
  2.90).	
  When	
  15	
  equiv.	
  

of	
   the	
   modulator	
   were	
   used,	
   different	
   reflections	
   were	
   observed	
   compared	
   to	
   the	
  

reflections	
  of	
  UiO-­‐67.	
  The	
  2ϴ	
  =	
  5.6°	
  reflection	
  in	
  the	
  UiO-­‐67	
  pattern	
  shifts	
  to	
  2ϴ	
  =	
  6.1°,	
  which	
  

can	
  be	
  attributed	
  to	
  a	
  different	
  phase.	
  Upon	
  further	
  increasing	
  the	
  modulator	
  amount	
  to	
  30	
  

equiv.,	
  another	
  phase	
  forms	
  which	
  resembles	
  the	
  pattern	
  of	
  UiO-­‐67	
  with	
  the	
  reflections	
  at	
  

2ϴ	
  =	
  5.6°	
  and	
  6.5°.	
  The	
  reflections	
  at	
  2ϴ	
  =	
  6.1°	
  and	
  6.8°	
  belong	
  to	
  the	
  other	
  phase	
  which	
  was	
  

also	
  formed	
  in	
  the	
  sample	
  with	
  10	
  equiv.	
  of	
  benzoic	
  acid.	
  When	
  the	
  modulator	
  amount	
  was	
  

increased	
   to	
   40	
   and	
   50	
   equiv.,	
   the	
   reflection	
   at	
   2ϴ	
   =	
   6.1°	
   completely	
   disappears	
   and	
   the	
  

reflection	
  at	
  2ϴ	
  =	
  6.8°	
  loses	
  its	
  intensity.	
  It	
  can	
  be	
  expected	
  that	
  the	
  further	
  increasing	
  of	
  the	
  

amount	
  of	
  modulator	
  above	
  50	
  equiv.	
  could	
  be	
  resulted	
  in	
  pure	
  phase	
  ZrAcBPDC.	
  Different	
  

amounts	
  of	
  modulator	
  will	
  be	
  tried	
  out	
  in	
  a	
  future	
  project.	
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Figure	
   2.90	
   PXRD	
   patterns	
   of	
   UiO-­‐67	
   and	
   ZrAcBPDC	
   MOFs	
  
prepared	
   with	
   different	
   amounts	
   of	
   benzoic	
   acid	
   (given	
   as	
  
equivalents	
  with	
  respect	
  to	
  ZrCl4).	
  

	
  

2.8.2	
  Thermogravimetric	
  Analysis	
  (TGA)	
  of	
  ZrNH2BPDC	
  and	
  ZrAcBPDC	
  
	
  

The	
   thermal	
   stability	
   of	
   the	
   synthesized	
   Zr-­‐MOFs	
   was	
   checked	
   by	
   TGA	
   measurements.	
  

Similar	
  decomposition	
  steps	
  were	
  observed	
  as	
  previously	
  described	
  MOFs.	
  	
  

The	
   thermal	
   stability	
   of	
   the	
   synthesized	
   Zr-­‐MOFs	
   was	
   checked	
   by	
   TGA	
   measurements.	
  

Similar	
  decomposition	
  steps	
  were	
  observed	
  as	
  previously	
  described	
  MOFs.	
  For	
  ZrNH2BPDC,	
  

the	
   first	
   step	
  up	
   to	
   400	
   °C	
   can	
  be	
   attributed	
   to	
   the	
   guest	
  molecules	
   such	
   as	
   solvents	
   and	
  

benzoic	
  acid	
  in	
  the	
  pores	
  (Figure	
  2.90).	
  After	
  400	
  °C,	
  decomposition	
  of	
  the	
  linker	
  starts	
  and	
  

results	
  in	
  a	
  complete	
  collapse	
  of	
  the	
  structure	
  at	
  around	
  500	
  °C.	
  After	
  the	
  decomposition	
  of	
  

the	
   linkers,	
   the	
   remaining	
   residue	
   was	
   found	
   to	
   be	
   ZrO2	
   according	
   to	
   the	
   PXRD	
  

measurements.	
   ZrAcBPDC	
   also	
   revealed	
   similar	
   decomposition	
   steps	
   as	
   expected.	
   The	
  

decomposition	
   of	
   the	
   linkers	
   started	
   around	
   250	
   °C.	
   TGA	
   measurements	
   show	
   that	
  

ZrAcBPDC	
  is	
  stable	
  up	
  to	
  400	
  °C	
  (Figure	
  2.91).	
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Figure	
  2.91	
  TGA	
  of	
  ZrNH2BPDC	
  (top)	
  and	
  ZrAcBPDC	
  (bottom).	
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3.	
  Surface	
  Modification	
  of	
  the	
  Metal	
  Oxides	
  Using	
  Phosphonates	
  as	
  Coupling	
  Molecules	
  
	
  

As	
  previously	
  mentioned,	
  organic-­‐inorganic	
  hybrid	
  materials	
  attracted	
  a	
   lot	
   interest	
  due	
  to	
  

their	
  special	
  properties	
  combining	
  the	
  physical	
  and	
  the	
  chemical	
  features	
  of	
  both	
  inorganic	
  

and	
  organic	
  compounds.	
  Besides	
  the	
  MOFs	
  which	
  were	
  described	
   in	
  the	
  previous	
  sections,	
  

another	
   highlighted	
   subgroup	
   of	
   the	
   organic-­‐inorganic	
   hybrid	
   materials	
   are	
   high	
   surface	
  

metal	
   oxides	
   like	
   Al2O3,	
   TiO2,	
   ZrO2	
   which	
   are	
   modified	
   with	
   organic	
   molecules.	
   Without	
  

doubt,	
  the	
  interest	
  in	
  those	
  modified	
  ceramics	
  arises	
  from	
  a	
  variety	
  of	
  possible	
  applications	
  

such	
   as	
   self	
   assembled	
   monolayers,172	
   ceramic	
   membranes,173,174	
   photo-­‐electrochemical	
  

cells,175,176	
  and	
  adsorbents.177-­‐179	
  

The	
  preparation	
  of	
   the	
  modified	
   surfaces	
   can	
  be	
  performed	
  by	
  either	
   grafting	
   the	
  organic	
  

groups	
   to	
   the	
   preformed	
   inorganic	
   surfaces	
   (surface	
   modification)	
   or	
   by	
   preparing	
   the	
  

inorganic	
   substrate	
   in	
   situ	
   (sol-­‐gel	
   processing).180	
   In	
   general,	
   a	
   sol-­‐gel	
   method	
   can	
   be	
  

explained	
   as	
   the	
   development	
   of	
   the	
  M-­‐O-­‐M	
   bridges	
   by	
   hydrolysis	
   and	
   polycondensation	
  

resulting	
  in	
  sols	
  or	
  gels	
  where	
  the	
  organic	
  groups	
  are	
  anchored	
  to	
  an	
  inorganic	
  network.181	
  In	
  

the	
  case	
  of	
  surface	
  modification,	
  organic	
  groups	
  are	
  anchored	
  to	
  the	
  inorganic	
  surface	
  by	
  the	
  

coupling	
  molecules	
  as	
  illustrated	
  in	
  Figure	
  3.1.182	
  	
  

	
  

Figure	
   3.1	
   Preparation	
   of	
   the	
   surfaces	
   by	
   the	
  
surface	
   modification	
   (top)	
   and	
   the	
   sol-­‐gel	
  
method	
  (bottom).183	
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Organosilanes,1,184	
   organotitanates	
   185	
   and	
   the	
   strong	
   complexing	
   ligands	
   24,27	
   have	
   been	
  

established	
   as	
   the	
   most	
   common	
   coupling	
   molecules.	
   Among	
   these,	
   most	
   of	
   the	
   studies	
  

were	
  based	
  on	
   the	
   silicon	
  based	
  precursors	
   used	
   to	
   bind	
   the	
  organic	
   units	
   onto	
   inorganic	
  

supports	
  because	
  of	
  the	
  hydrolytic	
  stability	
  of	
  the	
  Si-­‐C	
  bond.186	
  

Recent	
   studies	
   show	
   that	
   organophosphorous	
   compounds	
   can	
   be	
   used	
   as	
   coupling	
  

molecules	
   instead	
  of	
   organosilanes.	
  As	
   the	
   Si-­‐C	
   bond;	
   the	
  P-­‐C	
  bond	
   shows	
   a	
   high	
   stability	
  

against	
   hydrolysis.	
   Besides	
   the	
   advantage	
   of	
   high	
   stability,	
   organophosphorous	
   coupling	
  

molecules	
  give	
  access	
  to	
  a	
  variety	
  of	
  functional	
  organic	
  groups.180	
  	
  	
  

Mainly,	
  organophosphorous	
   coupling	
  molecules	
   are	
  monoalkyl	
  or	
  dialkyl	
   phosphoric	
   acids,	
  
172,187,188	
  phosphonic	
  acids	
  and	
  phosphinic	
  acids.182,186	
  Vioux	
  et	
  al.	
  explained	
  the	
  anchoring	
  of	
  

these	
  acids	
  by	
  a	
  formation	
  of	
  M-­‐O-­‐P	
  bridges	
  which	
  occur	
  by	
  the	
  condensation	
  of	
  the	
  surface	
  

hydroxyl	
  groups	
  with	
  the	
  P-­‐OH	
  groups	
  and	
  by	
  complex	
  formation	
  of	
  the	
  phosphoryl	
  oxygen	
  

with	
  surface	
  metal	
  ions	
  (Figure	
  3.2).180	
  

	
  

	
  

Figure	
  3.2	
  Schematic	
  representation	
  of	
  the	
  anchoring	
  of	
  phosphonic	
  acid	
  on	
  the	
  metal	
  oxide	
  
surface.180	
  

	
  

It	
   is	
   also	
   known	
   that,	
   aside	
   from	
   the	
   acids	
   described	
   above,	
   phosphonic	
   esters	
   as	
  well	
   as	
  

trimethylsilyl	
   and	
   alkyl	
   esters	
   186,189,190	
   can	
   also	
   be	
   used	
   as	
   coupling	
   molecules.	
   In	
   these	
  

cases,	
   anchoring	
   occurs	
   by	
   the	
   cleavage	
   of	
   P-­‐O-­‐R	
   groups	
   with	
   surface	
   -­‐OH	
   groups	
   being	
  

facilitated	
   by	
   the	
   increasing	
   electronegativity	
   of	
   the	
   phosphorous	
   atoms	
   due	
   to	
   the	
  

phosphoryl	
  oxygen	
  coordination	
  to	
  the	
  surface	
  (Figure	
  3.3).180	
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Figure	
  3.3	
  Schematic	
   representation	
  of	
   the	
  anchoring	
  of	
  diethylphosphonate	
  on	
   the	
  metal	
  
oxide	
  surface.	
  180	
  

	
  

In	
  this	
  study,	
  we	
  decided	
  to	
  use	
  phosphonate	
  derivatives	
  of	
  the	
  compounds	
  20,	
  21	
  and	
  22	
  as	
  

coupling	
   molecules	
   for	
   a	
   surface	
   modification	
   of	
   ZrO2,	
   TiO2	
   and	
   Al2O3.	
   These	
  

organophosphorous	
   coupling	
   agents	
   containing	
   thiophene	
   units	
   are	
   good	
   candidates	
   for	
  

surface	
  modification	
  of	
  the	
  metal	
  oxides	
  due	
  their	
  strong	
  luminescence	
  when	
  exposed	
  to	
  UV	
  

light.160	
   Therefore	
   coated	
   surfaces	
  with	
   these	
   agents	
   can	
  be	
  used	
   for	
   applications	
   such	
   as	
  

sensors.	
  In	
  order	
  to	
  synthesize	
  the	
  desired	
  phosphonates,	
  a	
  four	
  step	
  synthesis	
  route	
  shown	
  

in	
   Scheme	
  3.1,	
  was	
   followed.	
   Reaction	
   details	
   and	
   characterization	
   of	
   the	
   compounds	
   are	
  

given	
  in	
  the	
  following	
  sections.	
  

	
  

Scheme	
   3.1	
   Reaction	
   scheme	
   for	
   the	
   synthesis	
   of	
   phosphonates	
   starting	
   from	
   the	
  
corresponding	
  esters.	
  

	
  

3.1	
  Synthesis	
  of	
  the	
  Coupling	
  Molecules	
  

3.1.1	
  Reduction	
  of	
  the	
  Esters	
  to	
  Alcohols	
  
	
  

The	
   reduction	
   of	
   the	
   esters	
   to	
   alcohols	
   can	
   be	
   performed	
   by	
   several	
  methods.191	
   Among	
  

others	
  NaBH4	
  and	
  LiAlH4	
  are	
  the	
  most	
  commonly	
  used	
  reducing	
  agents,	
  THF	
  or	
  ether	
  can	
  be	
  

used	
   as	
   a	
   solvent.192	
   The	
   workup	
   of	
   the	
   reaction	
   can	
   be	
   done	
   in	
   either	
   acidic	
   or	
   basic	
  

conditions.193	
  

Firstly,	
  the	
  reduction	
  of	
  the	
  ester	
  20	
  was	
  tried	
  out	
  using	
  NaBH4	
  as	
  the	
  reducing	
  agent.192	
  THF	
  

was	
  preferred	
  as	
  solvent	
  because	
  of	
  the	
   low	
  solubility	
  of	
  the	
  ester	
   in	
  ether.	
  Moreover,	
  the	
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reaction	
   medium	
   was	
   heated	
   because	
   of	
   the	
   low	
   reactivity	
   of	
   the	
   esters	
   compared	
   to	
  

aldehydes	
  and	
  ketones,191	
  but	
  under	
  these	
  conditions	
  almost	
  no	
  conversion	
  was	
  observed.	
  

Secondly	
   LiAlH4	
  was	
   used,	
   after	
   refluxing	
   over	
   night,	
   the	
   resulting	
   precipitate	
  was	
   treated	
  

with	
  an	
  aqueous	
  K2CO3	
  solution.	
  However,	
  according	
  to	
  the	
  elemental	
  analysis	
  data,	
   it	
  was	
  

clear	
   that	
   the	
   formed	
   salts	
   could	
   not	
   be	
   completely	
   removed	
   from	
   the	
   product	
   after	
   the	
  

reaction.	
  Using	
  10	
  %	
  HCl	
  solution	
  for	
  the	
  workup	
  led	
  to	
  good	
  yields	
  of	
  the	
  target	
  alcohols	
  32,	
  

33	
  and	
  34	
  (Figure	
  3.4).	
  	
  

	
  

Scheme	
  3.2	
  Reaction	
  scheme	
  for	
  the	
  alcohol	
  synthesis.	
  

	
  

	
  

Figure	
  3.4	
  Alcohol	
  derivatives	
  32,	
  33	
  and	
  34.	
  

	
  

20	
  and	
   22	
  were	
   reduced	
   to	
   the	
   corresponding	
   alcohols	
   (32	
   and	
  34)	
   by	
   applying	
   the	
   same	
  

procedure.	
   In	
   the	
   synthesis	
   of	
   33,	
   extraction	
   with	
   dichloromethane	
   was	
   required;	
   since	
  

during	
   the	
   treatment	
   with	
   the	
   HCl	
   solution,	
   no	
   precipitation	
   was	
   observed.	
   After	
   the	
  

extraction,	
   the	
   removal	
   of	
   dichloromethane	
   resulted	
   in	
   an	
   oily	
   product.	
   The	
   addition	
   of	
  

pentane	
  to	
  the	
  oily	
  material	
  precipitated	
  the	
  target	
  alcohol	
  as	
  a	
  yellow	
  solid.	
  An	
  interesting	
  

behavior	
   was	
   observed	
   in	
   the	
   1H	
   NMR	
   spectrum	
   of	
   33	
   (Figure	
   3.5).	
   It	
   was	
   observed	
   that	
  

when	
  DMSO-­‐d6	
  is	
  used	
  as	
  the	
  NMR	
  solvent,	
  the	
  methanol	
  groups	
  show	
  a	
  triplet	
  at	
  5.52	
  ppm	
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and	
  a	
  doublet	
  at	
  4.67	
  ppm,	
  which	
  can	
  be	
  explained	
  as	
  the	
  coupling	
  of	
  the	
  	
  –OH	
  protons	
  with	
  

the	
   	
   –CH2	
   protons.	
   When	
   CDCl3	
   is	
   used	
   as	
   the	
   NMR	
   solvent,	
   the	
   expected	
   singlet	
   was	
  

observed	
  at	
  4.84	
  ppm	
   (Figure	
  3.6).	
  This	
  difference	
  can	
  be	
  explained	
  by	
   traces	
  of	
   the	
  acids	
  

(HCl	
  or	
  DCl)	
  in	
  CDCl3	
  which	
  form	
  hydrogen	
  bonds	
  with	
  the	
  –OH	
  groups	
  and	
  thus	
  prevent	
  the	
  

splitting	
  of	
  the	
  –CH2OH	
  peak	
  (Figure	
  3.6).	
  For	
  32	
  and	
  34,	
  such	
  a	
  behavior	
  was	
  not	
  observed.	
  

	
  

	
  

Figure	
  3.5	
  1H	
  NMR	
  spectrum	
  of	
  33	
  recorded	
  in	
  DMSO-­‐d6.	
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Figure	
  3.6	
  1H	
  NMR	
  spectrum	
  of	
  33	
  recorded	
  in	
  CDCl3.	
  

	
  

The	
   13C	
   NMR	
   spectrum	
   of	
   33	
   reveals	
   nine	
   carbon	
   atoms	
   as	
   expected	
   (Figure	
   3.7).	
   The	
  

disappearance	
   of	
   the	
   carbonyl	
   peak	
   clearly	
   confirms	
   the	
   structure.	
   HMBC	
   and	
   HMQC	
  

techniques	
  were	
  used	
   to	
   assign	
  all	
   carbon	
  atom	
   resonances.	
   The	
  presence	
  of	
   the	
  –CH2OH	
  

groups	
  shifts	
  the	
  thiophene	
  carbon	
  atoms	
  (H5	
  and	
  H6)	
  to	
  higher	
  field	
  compared	
  to	
  the	
  ester	
  

derivatives`	
  13C	
  NMR	
  spectrum.	
  

	
  

	
  



Surface	
  Modification	
  of	
  the	
  Metal	
  Oxides	
  Using	
  Phosphonates	
  as	
  Coupling	
  Molecules	
  

121	
  
	
  

	
  

Figure	
  3.7	
  13C	
  NMR	
  spectrum	
  of	
  33	
  recorded	
  in	
  CDCl3.	
  

The	
  structural	
  elucidation	
  of	
  32	
  and	
  34	
  was	
  also	
  done	
  by	
  1H	
  and	
  13C	
  NMR	
  spectroscopy.	
  The	
  

elemental	
   analysis	
   and	
   the	
   IR	
   measurements	
   also	
   strongly	
   support	
   the	
   formation	
   of	
   the	
  

target	
  alcohols.	
  HMBC	
  and	
  HMQC	
  techniques	
  were	
  used	
  for	
  the	
  structural	
  elucidation	
  of	
  the	
  

compounds.	
  

	
  

3.1.2	
  Chlorination	
  of	
  the	
  Alcohols	
  
	
  

For	
  the	
  conversion	
  of	
  the	
  alcohols	
  to	
  the	
  chlorides,	
  the	
  most	
  common	
  method	
  is	
  the	
  usage	
  

of	
   thionyl	
   chloride.194	
   The	
   alcohol	
   derivatives	
   32,	
   33	
   and	
   34	
   were	
   reacted	
   with	
   thionyl	
  

chloride	
   according	
   to	
   the	
  procedure	
  published	
   in	
   the	
   literature.195	
   In	
   this	
   reaction,	
   thionyl	
  

chloride	
   was	
   distilled	
   and	
   freshly	
   used.	
   However,	
   low	
   yields	
   were	
   obtained	
   (30-­‐40	
   %).	
  

Increasing	
  the	
  reaction	
  time	
  and	
  using	
  different	
  amounts	
  of	
  thionyl	
  chloride	
  did	
  not	
  increase	
  

the	
  yields.	
  According	
  to	
  the	
  elemental	
  analysis	
  data,	
   it	
  was	
  observed	
  that,	
  the	
  chlorosulfite	
  

derivative	
  formed	
  at	
  the	
  first	
  step	
  of	
  the	
  reaction	
  could	
  not	
  be	
  brought	
  to	
  the	
  target	
  chloro	
  

derivative.	
   According	
   to	
   the	
   literature,	
   to	
   promote	
   the	
   reaction	
   an	
   organic	
   base	
   like	
  



Surface	
  Modification	
  of	
  the	
  Metal	
  Oxides	
  Using	
  Phosphonates	
  as	
  Coupling	
  Molecules	
  

122	
  
	
  

triethylamine	
   or	
   pyridine	
   196	
   can	
   be	
   used	
   by	
   reacting	
   with	
   the	
   HCl	
   formed	
   during	
   the	
  

reaction.	
  However,	
  using	
  either	
  one	
  of	
  the	
  tertiary	
  amines	
  could	
  not	
  increase	
  the	
  yields.	
  

To	
  overcome	
  the	
  low	
  reaction	
  yields,	
  another	
  method	
  had	
  to	
  be	
  applied	
  for	
  the	
  chlorination.	
  

For	
  this	
  purpose,	
  alternative	
  to	
  thionyl	
  chloride,	
  oxalyl	
  chloride	
  which	
  is	
  mainly	
  preferred	
  for	
  

the	
  chlorination	
  of	
  the	
  carboxylic	
  acids	
  was	
  thought	
  to	
  be	
  used.	
  The	
  procedure	
  published	
  by	
  

Fraser	
   et	
   al.	
   197	
   was	
   applied	
   and	
   the	
   target	
   compounds	
   35,	
   36	
   and	
   37	
   (Figure	
   3.8)	
   were	
  

successfully	
  synthesized	
  in	
  good	
  yields.	
  The	
  reaction	
  was	
  performed	
  using	
  THF	
  as	
  a	
  solvent	
  

and	
  DMF	
  as	
  the	
  catalyst.	
  DMF	
  plays	
  a	
  crucial	
  role	
  in	
  the	
  reaction	
  since	
  it	
  activates	
  the	
  oxalyl	
  

chloride	
  (Scheme	
  3.3).198,199	
  	
  

	
  

Scheme	
  3.3	
  Reaction	
  scheme	
  for	
  the	
  chlorination	
  of	
  the	
  alcohols.	
  

	
  

Figure	
  3.8	
  Chloro	
  derivatives	
  35,	
  36	
  and	
  37.	
  

	
  

The	
   structural	
   elucidation	
   of	
   35,	
   36	
   and	
   37	
   was	
   done	
   by	
   1H	
   and	
   13C	
   NMR	
   spectroscopy.	
  

Elemental	
  analysis	
  and	
  IR	
  measurements	
  also	
  strongly	
  supported	
  the	
  formation	
  of	
  the	
  target	
  

chlorides.	
  HMBC	
   and	
  HMQC	
   techniques	
  were	
   used	
   for	
   the	
   elucidation	
   of	
   the	
   compounds,	
  

too.	
  The	
  1H	
  and	
  13C	
  NMR	
  spectra	
  of	
  36	
  are	
  given	
  below	
  as	
  an	
  example.	
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The	
  1H	
  NMR	
  spectrum	
  of	
  36	
   reveals	
   three	
  protons	
   in	
  the	
  aromatic	
  region	
  (Figure	
  3.9).	
  The	
  

phenyl	
  protons	
  (H1)	
  resonate	
  at	
  7.31	
  ppm	
  as	
  a	
  singlet.	
  The	
  thiophene	
  protons	
  neighboring	
  

the	
  –CH2Cl	
  groups	
  (H6)	
  appear	
  as	
  a	
  doublet	
  at	
  7.08	
  ppm	
  with	
  a	
  coupling	
  constant	
  of	
  3.6	
  Hz.	
  

This	
   AB	
   system`s	
   other	
   thiophene	
   protons	
   (H5)	
   show	
   a	
   doublet	
   at	
   6.94	
   ppm.	
   The	
   four	
  

methylene	
   protons	
   and	
   the	
   six	
  methyl	
   protons	
   resonate	
   as	
   singlets	
   at	
   4.44	
   ppm	
  and	
   2.42	
  

ppm	
  respectively.	
  

In	
   the	
   13C	
   NMR	
   spectrum,	
   eight	
   peaks	
   were	
   observed	
   as	
   expected.	
   	
   The	
   shift	
   of	
   the	
  

methylene	
   carbon	
   resonances	
   to	
   the	
   higher	
   field	
   strongly	
   supports	
   the	
   formation	
   of	
   the	
  

target	
  compound	
  (Figure	
  3.10).	
  	
  

	
  

	
  

Figure	
  3.9	
  1H	
  NMR	
  spectrum	
  of	
  36	
  recorded	
  in	
  CDCl3.	
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Figure	
  3.10	
  13C	
  NMR	
  spectrum	
  of	
  36	
  recorded	
  in	
  CDCl3.	
  

3.1.3	
  Synthesis	
  of	
  the	
  Phosphonates	
  
	
  

The	
   phosphonate	
   derivatives	
  were	
   synthesized	
   according	
   to	
   a	
   procedure	
   published	
   in	
   the	
  

literature.200	
  Different	
  conditions	
  were	
  tried	
  out.	
  Firstly,	
  benzene	
  was	
  used	
  as	
  a	
  solvent.	
  The	
  

reaction	
   was	
   heated	
   to	
   reflux	
   for	
   2	
   days	
   under	
   continuous	
   stirring.	
   The	
   desired	
  

phosphonates	
  38,	
  39	
  and	
  40	
  were	
  synthesized	
  successfully	
  (Figure	
  3.11).	
  However,	
  although	
  

excess	
  amounts	
  of	
  triethylphosphite	
  (15	
  mol	
  eq.	
  for	
  each	
  methylchloride	
  moiety)	
  were	
  used,	
  

low	
  yields	
  were	
  obtained	
  (30-­‐40	
  %).	
  Secondly,	
  without	
  using	
  benzene,	
  the	
  reaction	
  mediums	
  

were	
  heated	
  to	
  120	
  °C	
  and	
  kept	
  at	
  this	
  temperature	
  for	
  3	
  days,	
  the	
  yields	
  were	
  increased	
  to	
  

50	
  -­‐	
  55	
  %	
  (Scheme	
  3.4).	
  After	
  the	
  reaction,	
  the	
  obtained	
  solids	
  were	
  washed	
  several	
  times	
  

with	
   pentane	
   in	
   order	
   to	
   remove	
   the	
   unreacted	
   triethylphosphite	
   and	
   the	
   side	
   product	
  

triethylphosphate.	
  	
  

	
  

Scheme	
  3.4	
  Reaction	
  scheme	
  for	
  the	
  synthesis	
  of	
  the	
  phosphates.	
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Figure	
  3.11	
  The	
  phosphonates	
  38,	
  39	
  and	
  40.	
  

	
  

The	
   1H	
  NMR	
  spectrum	
  of	
  39	
   reveals	
   three	
  peaks	
   in	
   the	
  aromatic	
   region	
   (Figure	
  3.12).	
   The	
  

phenyl	
   protons	
   (H1)	
   show	
  a	
   singlet	
   at	
   7.31	
  ppm.	
   The	
   thiophene	
  protons	
   (H5)	
   appear	
   as	
   a	
  

doublet	
   at	
   7.09	
  ppm	
  with	
   coupling	
   constant	
  of	
   3.6	
  Hz,	
  while	
   the	
  other	
   thiophene	
  protons	
  

neighboring	
   the	
   phosphonate	
   group	
   (H6)	
   resonate	
   at	
   6.99	
   ppm.	
   Although	
   a	
   doublet	
   was	
  

expected,	
  these	
  protons	
  show	
  a	
  triplet	
  (J=	
  3.6	
  Hz)	
  because	
  of	
  the	
  coupling	
  of	
  these	
  protons	
  

with	
   the	
   phosphorous	
   atoms.	
   The	
   methylene	
   protons	
   bound	
   to	
   the	
   oxygen	
   atoms	
   (H9)	
  

appear	
   as	
   a	
   doublet	
   of	
   quartet	
   at	
   4.02	
   ppm	
   (3JPH	
   =	
   14.1	
   and	
   JHH	
   =	
   7.1	
   Hz).	
   The	
   other	
  

methylene	
  protons	
  neighboring	
  the	
  thiophene	
  rings	
  (H8)	
  show	
  a	
  doublet	
  (2JPH	
  =	
  20.8	
  Hz)	
  at	
  

3.52	
  ppm	
  as	
  a	
  result	
  of	
  the	
  coupling	
  with	
  the	
  phosphorous	
  atoms.	
  	
  The	
  methyl	
  protons	
  of	
  the	
  

phenyl	
  ring	
  (H11)	
  appear	
  as	
  a	
  singlet	
  at	
  2.38	
  ppm.	
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Figure	
  3.12	
  1H	
  NMR	
  spectrum	
  of	
  39	
  recorded	
  in	
  DMSO-­‐d6.	
  

	
  

The	
  13C	
  NMR	
  spectrum	
  reveals	
  eleven	
  carbon	
  atoms	
  as	
  expected	
  (Figure	
  3.13).	
  Long	
  range	
  

couplings	
  were	
  observed	
   in	
   the	
   spectrum.	
  The	
  C4	
  carbon	
  atoms	
  show	
  a	
  coupling	
  with	
   the	
  

phosphorous	
  atoms	
  and	
  appear	
  as	
  a	
  doublet	
  at	
  140.7	
  ppm	
  (5JPC	
  =	
  3.5	
  Hz).	
  For	
  the	
  C5,	
  C6	
  and	
  

C7	
  carbon	
  atoms,	
  a	
  coupling	
  was	
  also	
  observed	
  with	
  phosphorous	
  atoms	
  (4JPC	
  =	
  2.3	
  Hz,	
  3JPC	
  =	
  

9.0	
  Hz	
  and	
  2JPC	
  =	
  10.2	
  Hz	
  respectively).	
  C2,	
  C3	
  (132.7	
  ppm)	
  and	
  C1	
  (132.2	
  ppm)	
  carbon	
  atoms	
  

resonate	
   as	
   singlets.	
   The	
   C8	
   carbon	
   atoms	
   neighboring	
   the	
   PO(OEt)2	
   groups	
   show	
   strong	
  

coupling	
  to	
  phosphorous	
  atoms	
  as	
  expected	
  and	
  resonate	
  at	
  26.8	
  ppm	
  with	
  a	
  doublet	
  (2JPC	
  =	
  

135.9	
  Hz).	
  	
  

The	
  31P	
  NMR	
  spectrum	
  of	
  39	
  also	
  proves	
  the	
  formation	
  of	
  the	
  pure	
  phosphonate	
  by	
  showing	
  

one	
  singlet	
  at	
  24.48	
  ppm	
  (Figure	
  3.13).	
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Figure	
  3.13	
  13C	
  and	
  31P	
  NMR	
  spectra	
  of	
  39	
  recorded	
  in	
  DMSO-­‐d6.	
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3.2	
  Surface	
  Modification	
  of	
  the	
  Metal	
  Oxides;	
  TiO2,	
  Al2O3,	
  ZrO2	
  

Surface	
  modification	
  of	
  the	
  metal	
  oxides	
  (TiO2,	
  Al2O3,	
  ZrO2)	
  was	
  performed	
  by	
  grafting	
  38,	
  39	
  

and	
   40	
   on	
   the	
   supports.	
   It	
   is	
   known	
   that	
   the	
   reaction	
   conditions,	
   such	
   as	
   concentration,	
  

temperature	
   and	
   solvent	
   affect	
   the	
   surface	
  modification	
   which	
  may	
   result	
   in	
   dissolution-­‐

precipitation	
  instead	
  of	
  surface	
  modification.180	
  Therefore,	
  two	
  different	
  reaction	
  conditions	
  

were	
  tried	
  in	
  order	
  to	
  reach	
  the	
  maximum	
  grafting.	
  	
  

First	
  experiments	
  were	
  performed	
  for	
  ZrO2	
  using	
  38	
  as	
  the	
  coupling	
  molecule.	
  Two	
  sets	
  were	
  

prepared.	
  For	
   the	
   first	
  one,	
  dichloromethane	
  was	
  selected	
  as	
   the	
  solvent	
  and	
  the	
  reaction	
  

was	
  performed	
  at	
  room	
  temperature.	
  In	
  the	
  second	
  method	
  reflux	
  conditions	
  were	
  applied	
  

using	
  chloroform.	
  38	
  was	
  dissolved	
  and	
  the	
  metal	
  oxide	
  was	
  added	
  afterwards.	
  After	
  24	
  h,	
  

the	
   reaction	
   was	
   stopped	
   and	
   the	
   obtained	
   solids	
   were	
   washed	
   with	
   dichloromethane,	
  

methanol	
   and	
   diethyl	
   ether	
   in	
   order	
   to	
   remove	
   unreacted	
   coupling	
   molecules	
   and	
   dried	
  

under	
  ambient	
  pressure	
  for	
  10	
  h	
  at	
  50	
  °C.	
  	
  

The	
  elemental	
  analysis	
  data	
  revealed	
  a	
  successful	
  grafting	
  under	
  both	
  conditions,	
  but	
  room	
  

temperature	
  reaction	
  resulted	
   in	
  a	
  better	
   loading	
  (Table	
  3.1).	
  Therefore,	
  all	
  reactions	
  were	
  

performed	
  at	
  room	
  temperature	
  using	
  dichloromethane.	
  	
  	
  

Table	
   3.1	
   Elemental	
   composition	
   of	
   ZrO2	
   after	
   surface	
  
modification.	
  

	
   	
   Elemental	
  Analysis	
  	
  

	
   C	
   H	
   N	
   S	
  

38@ZrO2	
  

(RT)	
  

1.01	
  %	
   0.60	
  %	
   -­‐-­‐	
   0.76	
  %	
  

38@ZrO2	
  

(reflux)	
  

0.48	
  %	
   0.40	
  %	
   -­‐-­‐	
   0.26	
  %	
  

	
  

In	
   all	
   reactions,	
   the	
  amounts	
  of	
  metal	
   oxide	
  and	
   coupling	
  molecule	
  were	
   kept	
   constant	
   in	
  

order	
  to	
  compare	
  the	
  loadings.	
  For	
  1.00	
  g	
  of	
  each	
  metal	
  oxide,	
  160.00	
  mg	
  of	
  38	
  and	
  39	
  were	
  

used.	
  In	
  the	
  case	
  of	
  the	
  modification	
  with	
  40,	
  for	
  1.00	
  g	
  of	
  each	
  metal	
  oxide	
  80.00	
  mg	
  of	
  40	
  

was	
   used	
   due	
   to	
   the	
   presence	
   of	
   three	
   –PO(OEt)2	
   groups	
   in	
   the	
   molecule.	
   Before	
   the	
  

reactions,	
  the	
  surfaces	
  were	
  dried	
  at	
  120°	
  C	
  for	
  12	
  h.	
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3.3	
  Characterization	
  of	
  the	
  Immobilized	
  Surfaces	
  

The	
  characterization	
  of	
  the	
  materials	
  was	
  done	
  by	
  elemental	
  analysis,	
  31P	
  CP	
  MAS	
  NMR	
  and	
  

IR	
  spectroscopy.	
  The	
  BET	
  surface	
  areas	
  of	
  the	
  materials	
  were	
  determined	
  by	
  N2	
  adsorption	
  

measurements.	
  TGA	
  was	
  used	
  to	
  determine	
  the	
  stability	
  of	
  the	
  materials.	
  

Besides	
  the	
  characterization	
  of	
  the	
  materials,	
  another	
  important	
  point	
  is	
  the	
  determination	
  

of	
  the	
  loading	
  (B)	
  which	
  can	
  be	
  defined	
  as	
  the	
  amount	
  of	
  the	
  immobilization	
  of	
  phosphonic	
  

esters	
  per	
  gram	
  of	
  the	
  metal	
  oxide.	
  The	
  loading	
  was	
  calculated	
  by	
  using	
  the	
  formula	
  below:	
  	
  

B	
  =	
  
Px

Ax	
  .	
  nx
	
  

B	
  =	
  moles	
  of	
  immobilized	
  molecule	
  per	
  gram	
  of	
  modified	
  material	
  

Px	
   =	
   percentage	
   of	
   the	
   element	
   X	
   in	
   immobilized	
  molecule	
   of	
  modified	
  material	
   found	
   in	
  

elemental	
  analysis	
  

Ax	
  =	
  relative	
  atomic	
  weight	
  of	
  element	
  X	
  in	
  mol/g	
  

Nx	
  =	
  number	
  of	
  atoms	
  in	
  immobilized	
  material	
  

3.3.1	
  Characterization	
  of	
  the	
  Modified	
  ZrO2	
  Surface	
  
	
  

	
  

Figure	
  3.14	
  Modified	
  ZrO2	
  surfaces.	
  



Surface	
  Modification	
  of	
  the	
  Metal	
  Oxides	
  Using	
  Phosphonates	
  as	
  Coupling	
  Molecules	
  

130	
  
	
  

The	
  characterization	
  of	
   the	
  modified	
  ZrO2	
  surfaces	
   (Figure	
  3.14)	
  was	
  done	
  using	
  elemental	
  

analysis.	
   The	
   results	
   revealed	
   the	
   successful	
   modification	
   of	
   the	
   surfaces.	
   For	
   all	
   three	
  

surfaces	
   38@ZrO2,	
   39@ZrO2	
   and	
   40@ZrO2,	
   the	
   expected	
   elemental	
   composition	
   was	
  

observed	
   (Table	
  3.2).	
   In	
  order	
   to	
   calculate	
   the	
   loading	
  amount,	
   the	
   sulfur	
  percentage	
  was	
  

used	
   in	
  the	
  calculations.	
  The	
   loading	
  was	
  found	
  to	
  be	
  0.12	
  mmol/g	
  for	
  38@ZrO2.	
  Although	
  

the	
   same	
   conditions	
   were	
   used	
   for	
   the	
   grafting	
   of	
   39,	
   a	
   lower	
   loading	
   was	
   observed	
   for	
  

39@ZrO2,	
  which	
   is	
  0.07	
  mmol/g.	
  For	
  40,	
  which	
  features	
  three	
  –P(OEt)2	
  groups,	
  the	
   loading	
  

was	
  found	
  to	
  be	
  0.08	
  mmol/g.	
  

	
  

Table	
  3.2	
  Characterization	
  of	
  38@	
  ZrO2,	
  39@	
  ZrO2	
  and	
  40@ZrO2.	
  

	
   	
  
Elemental	
  Analysis	
  

SBET	
  

(m2/g)	
  

B	
  

(mmol/g)	
  

	
   C	
   H	
   N	
   S	
   	
   	
  

ZrO2	
  	
   -­‐-­‐	
   -­‐-­‐	
   -­‐-­‐	
   -­‐-­‐	
   92.5	
   -­‐-­‐	
  

38@ZrO2	
   1.01	
  %	
   0.60	
  %	
   -­‐-­‐	
   0.76	
  %	
   95.7	
   0.12	
  

39@ZrO2	
   1.09	
  %	
   0.48	
  %	
   -­‐-­‐	
   0.45	
  %	
   105.0	
   0.07	
  

40@ZrO2	
   1.60	
  %	
   0.56	
  %	
   0.11	
  %	
   0.75	
  %	
   91.2	
   0.08	
  

Acronyms:	
  SBET;	
  BET	
  surface	
  area,	
  B;	
  Loading.	
  	
  

	
  

Nitrogen	
  adsorption	
  measurements	
  were	
  used	
  to	
  determine	
  the	
  BET	
  surface	
  areas.	
  Before	
  

the	
  measurements,	
  the	
  samples	
  were	
  activated	
  at	
  100	
  °C	
  for	
  72	
  h	
  under	
  pressure.	
  All	
  three	
  

modified	
  ZrO2	
  surfaces	
  showed	
  Type	
  IV	
  isotherms	
  (Figure	
  3.15).	
  A	
  hysteresis	
  was	
  observed	
  at	
  

0.3	
   <	
   p	
   <	
   0.9	
   in	
   all	
   isotherms	
   which	
   is	
   typical	
   for	
   the	
   mesoporous	
   materials.201	
   The	
   BET	
  

surface	
  areas	
   for	
  38@ZrO2,	
  39@ZrO2	
  and	
  40@ZrO2	
  were	
  found	
  to	
  be	
  95.7,	
  105.0	
  and	
  91.2	
  

m2/g	
   respectively	
   (Table	
  3.2).	
  When	
   these	
   results	
  are	
  compared	
  with	
   the	
  unmodified	
  ZrO2	
  

surface,	
  it	
  is	
  clear	
  that	
  almost	
  the	
  same	
  BET	
  surface	
  areas	
  were	
  found	
  which	
  was	
  expected.	
  

The	
  slight	
  differences	
  can	
  be	
  the	
  result	
  of	
  the	
  measurement	
  conditions.	
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Figure	
  3.15	
  N2	
  adsorption	
   isotherms	
  of	
  38@ZrO2	
   (a),	
  39@ZrO2	
   (b)	
   and	
  40@ZrO2	
  
(c).	
  

	
  

3.3.2	
  Characterization	
  of	
  the	
  Modified	
  TiO2	
  Surface	
  

	
  

Figure	
  3.16	
  Modified	
  TiO2	
  surfaces.	
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For	
   the	
  modified	
  TiO2	
  surfaces	
  with	
  38,	
  39	
  and	
  40	
   (Figure	
  3.16),	
  elemental	
  analysis	
   results	
  

again	
  show	
  the	
  grafting	
  of	
  the	
  phosphonic	
  esters	
  (Table	
  3.3).	
  When	
  the	
  results	
  are	
  compared	
  

with	
   the	
   modified	
   ZrO2	
   surfaces,	
   lower	
   loadings	
   were	
   found.	
   The	
   loadings	
   were	
   again	
  

calculated	
   using	
   the	
   percentages	
   of	
   sulfur	
   found	
   by	
   elemental	
   analysis.	
   According	
   to	
   the	
  

results,	
   for	
  38@TiO2,	
  0.07	
  mmol	
  of	
  38	
  was	
  grafted	
  on	
  1.00	
  g	
  of	
  TiO2	
  surface,	
  compared	
  to	
  

0.12	
  mmol	
  on	
  ZrO2.	
  A	
  slight	
  decrease	
  of	
  the	
   loading	
  was	
  also	
  observed	
  for	
  39.	
  The	
   loading	
  

was	
   found	
   to	
  be	
  0.06	
  mmol/g	
   for	
  39@TiO2.	
   For	
   the	
   immobilization	
  of	
  40,	
   the	
   loading	
  was	
  

found	
  to	
  be	
  0.03	
  mmol/g,	
  compared	
  to	
  0.08	
  mmol/g	
  for	
  ZrO2.	
  

	
  

Table	
  3.3	
  Characterization	
  of	
  38@TiO2,	
  39@TiO2	
  and	
  40@TiO2.	
  

	
   	
  
Elemental	
  Analysis	
  

SBET	
  

(m2/g)	
  

B	
  

(mmol/g)	
  

	
   C	
   H	
   N	
   S	
   	
   	
  

TiO2	
  	
   -­‐-­‐	
   -­‐-­‐	
   -­‐-­‐	
   -­‐-­‐	
   111	
   -­‐-­‐	
  

38@TiO2	
   0.79	
  %	
   0.39	
  %	
   -­‐-­‐	
   0.42	
  %	
   105	
   0.07	
  

39@TiO2	
   1.03	
  %	
   0.39	
  %	
   -­‐-­‐	
   0.38	
  %	
   105	
   0.06	
  

40@TiO2	
   1.31	
  %	
   0.56	
  %	
   0.12	
  %	
   0.33	
  %	
   105	
   0.03	
  

Acronyms:	
  SBET;	
  BET	
  surface	
  area,	
  B;	
  Loading.	
  	
  

	
  

The	
   BET	
   surface	
   areas	
   of	
   the	
   modified	
   TiO2	
   samples	
   were	
   determined	
   using	
   the	
   N2	
  

adsorption	
  measurements.	
   For	
   the	
   all	
   three	
   samples,	
   the	
  measurements	
   revealed	
   Type	
   IV	
  

isotherms	
  which	
  indicate	
  well	
  defined	
  mesoporous	
  materials	
  (Figure	
  3.17).	
  A	
  small	
  hysteresis	
  

was	
  also	
  observed	
   in	
  all	
   isotherms	
  between	
  0.6	
  <	
  p	
  <	
  0.9.	
  Moreover	
  N2	
  condensation	
  was	
  

observed	
  in	
  the	
  isotherms	
  which	
  can	
  be	
  due	
  to	
  the	
  large	
  crystal	
  size	
  of	
  the	
  TiO2	
  material.	
  The	
  

same	
  BET	
  surface	
  area	
  was	
  found	
  for	
  each	
  material	
  (105	
  m2/g)	
  which	
  is	
  slightly	
   lower	
  than	
  

the	
  surface	
  area	
  of	
  the	
  unmodified	
  TiO2	
  (111	
  m2/g)	
  (Table	
  3.3).	
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Figure	
  3.17	
  N2	
  adsorption	
   isotherms	
  of	
  38@TiO2	
   (a),	
  39@TiO2	
   (b)	
  and	
  40@TiO2	
  
(c).	
  

	
  

3.3.3	
  Characterization	
  of	
  the	
  Modified	
  Al2O3	
  Surface	
  

	
  

Figure	
  3.18	
  Modified	
  Al2O3	
  surfaces.	
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The	
  elemental	
   analysis	
  data	
  of	
   the	
  modified	
  Al2O3	
   surfaces	
   (Figure	
  3.18)	
   clearly	
   reveal	
   the	
  

modification.	
  The	
  compositions	
  of	
  the	
  materials	
  found	
  in	
  the	
  analysis	
  are	
  in	
  agreement	
  with	
  

the	
   other	
  metal	
   oxide	
   surfaces.	
   The	
   loadings	
   for	
  38@Al2O3,	
  39@Al2O3	
   and	
  40@Al2O3	
   are	
  

calculated	
  as	
  0.06,	
  0.05	
  and	
  0.04	
  mmol/g,	
  respectively	
  by	
  using	
  the	
  sulfur	
  percentage	
  (Table	
  

3.4).	
  

Table	
  3.4	
  Characterization	
  of	
  38@Al2O3,	
  39@Al2O3	
  and	
  40@Al2O3.	
  

	
   Elemental	
  Analysis	
  

(%)	
  

SBET	
  

(m2/g)	
  

B	
  

(mmol/g)	
  

	
   C	
   H	
   N	
   S	
   	
   	
  

Al2O3	
  	
   -­‐-­‐	
   -­‐-­‐	
   -­‐-­‐	
   -­‐-­‐	
   160	
   -­‐-­‐	
  

38@Al2O3	
   1.04	
   0.75	
   -­‐-­‐	
   0.37	
   125	
   0.06	
  

39@Al2O3	
   1.18	
   0.85	
   -­‐-­‐	
   0.31	
   150	
   0.05	
  

40@Al2O3	
   1.67	
  	
   0.76	
  	
   0.24	
  	
   0.35	
  	
   125	
   0.04	
  

Acronyms:	
  SBET;	
  BET	
  surface	
  area,	
  B;	
  Loading.	
  

	
  

The	
  N2	
  adsorption	
  isotherms	
  showed	
  the	
  similar	
  type	
  of	
  isotherm,	
  as	
  expected	
  (Figure	
  3.19).	
  

A	
   Type	
   IV	
   isotherm	
  with	
   small	
   hysterisis	
  was	
   observed	
   for	
   all	
   three	
  modified	
   surfaces.	
   N2	
  

condensation	
  also	
  exists	
   in	
  the	
  Al2O3	
  surfaces	
  as	
   in	
  the	
  TiO2	
  surface.	
  The	
  BET	
  surface	
  areas	
  

for	
  38@Al2O3	
  and	
  40@Al2O3	
  are	
  found	
  as	
  125	
  m2/g	
  and	
  150	
  m2/g	
  for	
  40@Al2O3	
  (Table	
  3.4).	
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Figure	
   3.19	
   N2	
   adsorption	
   isotherms	
   of	
   38@Al2O3	
   (a),	
   39@Al2O3	
   (b)	
   and	
  
40@Al2O3	
  (c).	
  

	
  

3.3.4	
  IR	
  Measurements	
  of	
  the	
  Modified	
  Surfaces	
  
	
  

Figure	
   3.20	
   shows	
   the	
   infrared	
   spectra	
   of	
   the	
   metal	
   oxides	
   before	
   and	
   after	
   surface	
  

modification.The	
  frequencies	
  of	
  all	
  the	
  surfaces	
  before	
  and	
  after	
  modification	
  are	
  similar	
  to	
  

each	
   other.	
   	
   The	
   absorptions	
   between	
   1300-­‐800	
   cm-­‐1	
   are	
   assigned	
   to	
   the	
   P-­‐O	
   stretching	
  

region.172	
   In	
   the	
   IR	
   spectra	
   of	
   the	
   samples	
   this	
   stretching	
   could	
   only	
   be	
   observed	
   for	
   two	
  

ZrO2	
  surfaces.	
  The	
  peak	
  at	
  1023	
  cm-­‐1	
  in	
  38@ZrO2	
  and	
  39@ZrO2	
  surfaces	
  clearly	
  indicates	
  the	
  

P-­‐O	
  stretching.	
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Figure	
   3.20	
   IR	
   spectra	
   of	
   the	
   metal	
   oxides	
   before	
   and	
   after	
   surface	
  
modification.	
  	
  

	
  

3.3.5	
  31P	
  CP	
  MAS	
  NMR	
  of	
  the	
  Modified	
  Surfaces	
  	
  
	
  

31P	
  CP	
  MAS	
  NMR	
  measurements	
  were	
  performed	
  for	
  all	
  modified	
  surfaces.	
  However	
  all	
  the	
  

surfaces	
  except	
  40@ZrO2	
  did	
  not	
  show	
  any	
  31P	
  resonances	
  at	
  all.	
  

In	
  the	
  31P	
  CP	
  MAS	
  NMR	
  spectrum	
  of	
  40@ZrO2,	
  two	
  sets	
  of	
  resonances	
  are	
  observed	
  (Figure	
  

3.21).	
   The	
   broad	
   peak	
   at	
   25.51	
   ppm	
   is	
   assigned	
   to	
   phosphonate	
   groups.202	
   All	
   other	
  

resonances	
  are	
  rotational	
  side	
  bands.	
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Figure	
  3.21	
  31P	
  CP	
  MAS	
  NMR	
  spectrum	
  of	
  40@ZrO2.	
  

	
  

3.3.6	
  TGA	
  Measurements	
  of	
  38@Al2O3,	
  38@TiO2	
  and	
  38@ZrO2	
  

	
  

TGA	
  measurements	
  were	
  performed	
  to	
  determine	
  the	
  thermal	
  stability	
  of	
  the	
   immobilized	
  

materials.	
   For	
   this	
   purpose,	
   the	
   samples	
   of	
   the	
   same	
   coupling	
  molecule	
   (38)	
   on	
   different	
  

surfaces	
  were	
  used.	
  The	
  measurements	
   	
   show	
  that	
  all	
   three	
  samples	
   (38@Al2O3,	
  38@TiO2	
  

and	
  38@ZrO2)	
  are	
  stable	
  up	
  to	
  500	
  °C	
  (Figure	
  3.22).	
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Figure	
  3.22	
  TGA	
  of	
  38	
  on	
  Al2O3	
  (a),	
  TiO2	
  (b),	
  ZrO2	
  (c).	
  

	
  

3.4	
  Fluorescence	
  Data	
  of	
  the	
  modified	
  TiO2,	
  Al2O3,	
  ZrO2	
  Surfaces	
  

Regarding	
   the	
  strong	
   luminescence	
  of	
   the	
  coupling	
  molecules	
  38,	
  39	
  and	
  40,	
   the	
  modified	
  

surfaces	
  were	
   checked	
   for	
   their	
   light	
   emission.	
   The	
  modified	
   TiO2	
   and	
   ZrO2	
   surfaces	
  were	
  

excited	
   at	
   325	
   nm	
   and	
   Al2O3	
   surface	
   was	
   excited	
   at	
   365	
   nm.	
   All	
   ZrO2	
   and	
   Al2O3	
   surfaces	
  

showed	
  fluorescence	
  except	
  of	
  40@Al2O3	
  (Figure	
  3.23).	
  On	
  the	
  other	
  hand,	
  for	
  the	
  modified	
  

TiO2	
  surfaces,	
  no	
   fluorescence	
  could	
  be	
  observed	
  at	
  all.	
  Most	
  probably	
   the	
   low	
   loading	
  on	
  

the	
  TiO2	
  surface	
  and	
  luminescence	
  quenching	
  close	
  to	
  the	
  surface	
  caused	
  such	
  a	
  result.	
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Figure	
   3.23	
   Emission	
   spectra	
   of	
   38@Al2O3,	
   38@ZrO2,	
   38@TiO2	
   (a),	
   39@Al2O3,	
  
39@ZrO2,	
   39@TiO2	
   (b)	
   and	
   40@Al2O3,	
   40@ZrO2,	
   40@TiO2	
   (c).	
   Excitation	
  
wavelengths:	
  modified	
  TiO2	
  and	
  ZrO2	
   surfaces:	
  325	
  nm,	
  modified	
  Al2O3	
   surfaces:	
  
365	
  nm.	
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4.	
  Conclusion	
  
	
  

In	
  summary,	
  our	
  study	
  on	
  two	
  subgroups	
  of	
  organic-­‐inorganic	
  hybrid	
  materials	
  have	
   led	
  to	
  

following	
  conclusions	
  and	
  insights:	
  

In	
   the	
   first	
  part	
  of	
   the	
  work	
  which	
   covers	
  metal	
  organic	
   frameworks,	
   seven	
   functionalized	
  

biphenyl	
   dicarboxylate	
   linkers	
   were	
   synthesized	
   successfully.	
   These	
   linkers	
   yielded	
   seven	
  

metal	
  organic	
  frameworks	
  with	
  different	
  properties	
  and	
  features.	
  	
  

Firstly	
   three	
   functionalized	
  MOF	
   structures;	
  ZnBrBPDC,	
  ZnNO2BPDC	
   and	
  ZnNH2BPDC	
  were	
  

synthesised	
  using	
  4,4´-­‐biphenyldicarboxylic	
  acid	
  derivatives	
  with	
  different	
  functional	
  groups	
  

(-­‐Br,	
   -­‐NO2,	
   -­‐NH2).	
   Powder	
   XRD	
  measurements	
   indicated	
   that	
   the	
   synthesised	
  MOFs	
   posses	
  

the	
  interpenetrated	
  IRMOF-­‐9	
  structure	
  with	
  a	
  cubic	
  topology	
  which	
  was	
  also	
  confirmed	
  with	
  

single	
  crystal	
  X-­‐ray	
  measurements.	
  The	
  chemical	
  structure	
  of	
  the	
  MOF	
  materials	
  was	
  further	
  

proved	
  by	
  solid	
  state	
  NMR	
  and	
  IR	
  measurements.	
  

All	
  three	
  structures	
  showed	
  Type	
  I	
  isotherms	
  with	
  large	
  surface	
  areas	
  which	
  are	
  comparable	
  

with	
  their	
  analogues:	
  

Table	
   4.1	
   Comparison	
   of	
   the	
   porosity	
   measurements	
   of	
   ZnBrBPDC,	
   ZnNO2BPDC	
   and	
  
ZnNH2BPDC	
  with	
  the	
  analogue	
  MOFs.	
  	
  	
  

	
   ALANG	
  (m2/g)	
   ABET	
  (m2/g)	
   Vp	
  (cm3/g)	
  

IRMOF-­‐2	
   2544	
   1722	
   0.88	
  

IRMOF-­‐3	
   3062	
   2446	
   1.07	
  

IRMOF-­‐9	
   2613	
   1904	
   0.90	
  

ZnBrBPDC	
   1403	
   1300	
   0.53	
  

ZnNO2BPDC	
   2206	
   2000	
   0.83	
  

ZnNH2BPDC	
   1087	
   1100	
   0.43	
  

Acronyms:	
  ALANG;	
  Langmuir	
  surface	
  area,	
  ABET;	
  BET	
  surface	
  area,	
  Vp;	
  measured	
  pore	
  volume.	
  

TGA	
  measurements	
  of	
  the	
  evacuated	
  samples	
  showed	
  great	
  agreement	
  with	
  the	
  elemental	
  

analysis	
  data.	
  The	
  results	
  proved	
  that	
  their	
  thermal	
  stability	
  is	
  between	
  325	
  °C	
  -­‐	
  450	
  °C.	
  	
  

Adsorption	
  properties	
  of	
   these	
  MOF	
   structures	
  were	
   tested	
  using	
   light	
  alkanes	
   (CH4,	
  C2H6,	
  

C3H8,	
  and	
  n-­‐C4H10)	
  at	
  three	
  different	
  temperatures.	
  For	
  all	
  adsorbents,	
  the	
  maximum	
  uptakes	
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were	
  observed	
  at	
  273	
  K.	
  When	
  the	
  temperature	
  was	
  increased,	
  the	
  amount	
  of	
  the	
  adsorbed	
  

gas	
  decreased.	
  All	
  three	
  MOFs	
  show	
  strong	
  affinities	
  for	
  n-­‐butane.	
  The	
  lowest	
  uptakes	
  were	
  

observed	
  for	
  CH4.	
  

The	
   effect	
   of	
   functional	
   groups	
   on	
   the	
   IRMOF	
   series	
   was	
   also	
   examined	
   by	
   synthesizing	
  

amide	
   functionalized	
   biphenyl	
   linkers.	
   For	
   this	
   purpose,	
   four	
   different	
   linkers	
   containing	
  

amides	
  with	
   different	
   alkyl	
   chains	
   (C1-­‐C4)	
  were	
   synthesized	
   and	
   used	
   for	
   the	
   synthesis	
   of	
  

four	
  new	
  MOF	
  structures	
  ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC.	
  

Powder	
  XRD	
  measurements	
  of	
  ZnAcBPDC	
  indicated	
  that	
  the	
  structure	
  contains	
  two	
  different	
  

phases.	
  PXRD	
  patterns	
  of	
  ZnPrBPDC,	
  ZnBuBPDC	
  and	
  ZnPeBPDC	
  revealed	
  non-­‐interpentrated	
  

structures	
  which	
  were	
   further	
   proved	
  by	
   single	
   crystal	
   X-­‐ray	
  measurements.	
   The	
   chemical	
  

structure	
  of	
  the	
  MOF	
  materials	
  was	
  further	
  confirmed	
  by	
  X-­‐ray	
  spectoscopy,	
  solid	
  state	
  NMR	
  

and	
  IR	
  measurements.	
  

N2	
   Adsorption	
   measurements	
   of	
   the	
   MOF	
   structures	
   were	
   carried	
   out	
   using	
   different	
  

activation	
   methods.	
   While	
   ZnBuBPDC	
   and	
   ZnPeBPDC	
   showed	
   porosity	
   for	
   acetone	
  

exchanged	
   and	
   evacuated	
   samples,	
   ZnPrBPDC	
   showed	
   porosity	
   after	
   supercritical	
   CO2	
  

activation.	
  ZnAcBPDC	
  conserved	
   its	
  structure	
  against	
  both	
  activation	
  methods	
  and	
  showed	
  

porosity.	
  For	
  all	
  four	
  MOFs,	
  Type	
  I	
  isotherms	
  were	
  obtained.	
  For	
  ZnPrBPDC	
  a	
  large	
  hsyterisis	
  

was	
  observed	
  in	
  the	
  isotherm.	
  ZnAcBPDC	
  showed	
  the	
  highest	
  BET	
  surface	
  area.	
  	
  

Table	
  4.2	
  Summary	
  of	
  the	
  N2	
  adsorption	
  measurements	
  of	
  ZnAcBPDC,	
  ZnPrBPDC,	
  ZnBuBPDC	
  
and	
  ZnPeBPDC.	
  

	
   ABET	
  (m2/g)	
  a	
   ABET	
  (m2/g)	
  b	
   Vp	
  (cm3/g)	
  a	
   Vp	
  (cm3/g)	
  b	
  

ZnAcBPDC	
   920	
   1588	
   0.50	
   0.73	
  

ZnPrBPDC	
   -­‐-­‐	
   325	
   -­‐-­‐	
   0.15	
  

ZnBuBPDC	
   850	
   -­‐-­‐	
   0.43	
   -­‐-­‐	
  

ZnPeBPDC	
   1100	
   -­‐-­‐	
   0.60	
   -­‐-­‐	
  

Acronyms:	
  ABET;	
  BET	
  surface	
  area,	
  Vp;	
  measured	
  pore	
  volume.	
  a	
  the	
  sample	
  exchanged	
  with	
  acetone	
  
and	
  evacuated	
  at	
  80°C	
  for	
  24h.	
  b	
  the	
  super	
  critical	
  CO2	
  activated	
  samples.	
  

TGA	
  measurements	
  of	
  the	
  as-­‐synthesized	
  samples	
  proved	
  that	
  their	
  thermal	
  stability	
  is	
  up	
  to	
  

350	
  °C.	
  Elemental	
  analysis	
  data	
  possessed	
  great	
  compatibility	
  with	
  TGA	
  measurements	
  and	
  

also	
  confirmed	
  the	
  composition	
  of	
  the	
  materials.	
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ZnAcBPDC	
  and	
  ZnBuBPDC	
  were	
  tested	
  for	
  alkane	
  and	
  alkene	
  adsorptions	
  at	
  three	
  different	
  

temperatures	
  (273	
  K,	
  293	
  K	
  and	
  313	
  K).	
  For	
  this	
  study	
  pure	
  alkanes	
  (CH4,	
  C2H6,	
  C3H8,	
  and	
  n-­‐

C4H10)	
  and	
  alkenes	
  (C2H4,	
  C3H6	
  and	
  C4H8)	
  were	
  used.	
  For	
  all	
  sorbates,	
  maximum	
  uptakes	
  were	
  

observed	
  for	
  ZnAcBPDC	
  at	
  all	
  temperatures.	
  

ZnAcBPDC	
  and	
  ZnBuBPDC	
  were	
  further	
  tested	
  for	
  their	
  CO2	
  adsorption	
  capabilities	
  at	
  273	
  K,	
  

293	
  K	
  and	
  313	
  K.	
  Both	
  of	
  the	
  adsorbents	
  showed	
  high	
  affinities	
  for	
  CO2.	
  Maximum	
  loadings	
  

were	
  observed	
  for	
  ZnAcBPDC	
  at	
  all	
  temperatures.	
  

In	
   the	
  second	
  part	
  of	
   the	
  work,	
   surface	
  modification	
  of	
   three	
  different	
  metal	
  oxides,	
  ZrO2,	
  

TiO2	
   and	
   Al2O3	
   was	
   performed.	
   For	
   this	
   purpose	
   firstly	
   three	
   different	
   phosphonate	
  

derivatives	
  containing	
  thiophene	
  units	
  were	
  synthesized	
  from	
  their	
  halo	
  derivatives	
  in	
  a	
  four	
  

step	
   synthesis	
   and	
   then	
   used	
   as	
   coupling	
   molecules	
   for	
   the	
   surface	
   modification.	
   Nine	
  

different	
   surfaces	
   were	
   obtained	
   (38@TiO2,	
   39@TiO2,	
   40@TiO2,	
   38@Al2O3,	
   39@Al2O3,	
  

40@Al2O3,	
  38@ZrO2,	
  39@ZrO2,	
  40@ZrO2).	
  

All	
   three	
  modified	
  metal	
   oxide	
   surfaces	
  were	
   characterized	
  using	
   elemental	
   analysis,	
   solid	
  

state	
  NMR	
  and	
  IR	
  spectroscopy.	
  The	
  BET	
  surface	
  areas	
  of	
  the	
  materials	
  were	
  determined	
  by	
  

N2	
   adsorption	
   measurements.	
   TGA	
   was	
   used	
   to	
   determine	
   the	
   stability	
   of	
   the	
   surfaces.	
  

Maximum	
  loadings	
  were	
  obtained	
  for	
  ZrO2	
  surfaces.	
  

Due	
   to	
   the	
   strong	
   luminescence	
   of	
   the	
   coupling	
   molecules,	
   the	
  modified	
   surfaces	
   were	
  

checked	
  for	
  their	
  light	
  emission.	
  All	
  ZrO2	
  and	
  Al2O3	
  surfaces	
  showed	
  fluorescence	
  except	
  of	
  

40@Al2O3.	
   On	
   the	
   other	
   hand,	
   for	
   the	
   modified	
   TiO2	
   surfaces,	
   no	
   fluorescence	
   could	
   be	
  

observed.
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5.	
  Experimental	
  

5.1	
  Materials	
  

Reagents	
  were	
  purchased	
   from	
  ACROS,	
   Sigma	
  Aldrich,	
   Fluka,	
  ABCR,	
  Merck,	
  Alfa	
  Aesar	
  and	
  

Evonik	
  and	
  used	
  without	
  further	
  purification	
  unless	
  otherwise	
  noted.	
  	
  

5.2	
  Instrumental	
  Analysis	
  

NMR	
  Spectroscopy	
  
Liquid	
   phase	
   1H	
   and	
   13C	
   NMR	
   spectra	
  were	
   recorded	
   on	
   Bruker	
   Spectrospin	
   DPX-­‐400	
   and	
  

Avance	
  600	
  devices	
  at	
  resonance	
  frequencies	
  of	
  400	
  MHz	
  or	
  600	
  MHz	
  for	
  1H	
  nuclei	
  and	
  101	
  

MHz	
  or	
  151	
  MHz	
  13C	
  nuclei.	
  

	
  

Infrared	
  (IR)	
  Spectroscopy	
  
The	
  infrared	
  spectra	
  with	
  a	
  resolution	
  of	
  ±2	
  cm-­‐1	
  were	
  recorded	
  using	
  a	
  PerkinElmer	
  FT-­‐ATR-­‐

IR	
  1000	
  spectrometer	
  containing	
  a	
  diamond	
  coated	
  ZnSe-­‐window.	
  

	
  

Elemental	
  Analysis	
  
Elemental	
   analyses	
   were	
   determined	
   on	
   a	
   CHNS	
   vario	
   Microcube	
   elemental	
   analyzer	
  

(Elementar).	
  

	
  

Powder	
  XRD	
  Measurements	
  
Powder	
   X-­‐Ray	
   diffraction	
   was	
   measured	
   on	
   a	
   Siemens	
   D5005	
   with	
   CuKα	
   radiation	
   (λ	
   =	
  

0.15418	
  nm)	
  to	
  confirm	
  the	
  phase	
  purity	
  and	
  crystallinity	
  of	
  the	
  synthesized	
  samples.	
  

	
  

X-­‐ray	
  Absorption	
  Spectroscopy	
  
X-­‐ray	
  absorption	
   spectroscopy	
  measurements	
  were	
  performed	
  at	
   the	
  XAS	
  beamline	
  at	
   the	
  

Ångstrømquelle	
  Karlsruhe	
  (ANKA)	
  under	
  ambient	
  conditions	
  at	
  20	
  °C.	
  The	
  synchrotron	
  beam	
  

current	
  was	
  between	
  80	
  –	
  140	
  mA	
  at	
  2.5	
  GeV	
  storage	
  ring	
  energy.	
  A	
  Si(111)	
  double	
  crystal	
  

monochromator	
   was	
   used	
   for	
   measurements	
   at	
   the	
   Zn	
   K-­‐edge	
   (9.696	
   keV).	
   The	
   second	
  

monochromator	
   crystal	
   was	
   tilted	
   for	
   optimal	
   harmonic	
   rejection.	
   The	
   spectra	
   were	
  

recorded	
  in	
  fluorescence	
  mode	
  with	
  a	
  hyperpure	
  7-­‐element	
  Ge-­‐detector.	
  Energy	
  calibration	
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was	
  performed	
  with	
  a	
   zinc	
  metal	
   foil.	
  To	
  avoid	
  mistakes	
   in	
   the	
  XANES	
   region	
  due	
   to	
   small	
  

changes	
  in	
  the	
  energy	
  calibration	
  between	
  two	
  measurements,	
  all	
  spectra	
  were	
  corrected	
  to	
  

the	
   theoretical	
   edge	
   energy	
   of	
   iron	
   foil,	
   which	
   was	
  measured	
   before	
   every	
   scan.	
   For	
   the	
  

determination	
   of	
   the	
   smooth	
   parts	
   of	
   the	
   spectra,	
   corrected	
   for	
   pre-­‐edge	
   absorption,	
   a	
  

piece-­‐wise	
  polynomial	
  was	
  used.	
  It	
  was	
  adjusted	
  in	
  such	
  a	
  way	
  that	
  the	
  low-­‐R	
  components	
  of	
  

the	
   resulting	
   Fourier	
   transform	
   were	
   minimal.	
   145,146	
   After	
   division	
   of	
   the	
   background–

subtracted	
  spectrum	
  by	
  its	
  smooth	
  part,	
  the	
  photon	
  energy	
  was	
  converted	
  to	
  photo-­‐electron	
  

wave	
   numbers	
   k.	
   The	
   resulting	
   χ(k)-­‐function	
   was	
   weighted	
   with	
   k3.	
   Data	
   analysis	
   was	
  

performed	
   in	
   k-­‐space	
   according	
   to	
   the	
   curved	
  wave	
   formalism	
   of	
   the	
   EXCURV98	
   program	
  

with	
   XALPHA	
   phase	
   and	
   amplitude	
   functions.147	
   The	
   mean	
   free	
   path	
   of	
   the	
   scattered	
  

electrons	
  was	
  calculated	
  from	
  the	
  imaginary	
  part	
  of	
  the	
  potential	
  (VPI	
  set	
  to	
  –4.00).	
  	
  

	
  

N2	
  Adsorption	
  Measurements	
  
Nitrogen	
   adsorption/desorption	
   measurements	
   were	
   performed	
   on	
   a	
   Quantachrome	
  

Autosorb-­‐1	
  at	
  a	
  temperature	
  of	
  77	
  K.	
  The	
  samples	
  were	
  activated	
  at	
  a	
  pressure	
  of	
  <	
  1·∙10-­‐5	
  

mbar	
  and	
  at	
  a	
  temperature	
  of	
  353	
  K	
  overnight.	
  The	
  specific	
  surface	
  areas	
  were	
  calculated	
  by	
  

means	
  of	
   the	
  Brunauer–Emmett–Teller	
   (BET)	
  equation	
   in	
  the	
   low	
  relative	
  pressure	
   interval	
  

(<0.3)	
  and	
  the	
  pore	
  size	
  distribution	
  curves	
  were	
  analyzed	
  with	
  the	
  adsorption	
  branch	
  by	
  the	
  

BJH	
  method.	
  The	
  micropore	
  volume	
  was	
  evaluated	
  with	
  the	
  t-­‐plot	
  method.	
  

	
  

Thermogravimetric	
  analyses	
  (TGA)	
  
Thermogravimetric	
   analyses	
   were	
   performed	
   on	
   a	
   Setaram	
   Setsys	
   16/18	
   with	
   a	
   heating	
  

range	
  of	
  5	
  K/min.	
  	
  

	
  

Scanning	
  Electron	
  Microscope	
  (SEM)	
  Pictures	
  
The	
  crystallinity	
  and	
  morphology	
  of	
  the	
  synthesized	
  samples	
  were	
  examined	
  on	
  a	
  JEOL	
  JSM-­‐

6490LA	
  scanning	
  electron	
  microscope	
  with	
  a	
  tungsten	
  cathode	
  at	
  accelerating	
  voltages	
  of	
  5	
  –	
  

25	
  kV	
  and	
  a	
  working	
  distance	
  of	
  10	
  mm.	
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Gas	
  Adsorption	
  Measurements	
  
The	
   adsorbent	
   was	
   activated	
   over	
   night	
   at	
   a	
   pressure	
   of	
   <	
   10-­‐5	
   mbar	
   and	
   298	
   K.	
   The	
  

isotherms	
   were	
  measured	
   in	
   a	
   thermostated	
   system.	
   A	
   separation	
   valve	
   H12	
   was	
   placed	
  

between	
  the	
  dosing	
  valve	
  H11	
  and	
  the	
  adsorption	
  vessel.	
  The	
  desired	
  pressure	
  was	
  adjusted	
  

and	
  valve	
  H12	
  was	
  rapidly	
  opened.	
  The	
  adsorbed	
  amounts	
  were	
  determined	
  by	
  the	
  pressure	
  

changes	
   in	
   the	
   system	
   compared	
   with	
   the	
   calibration	
   measurement.	
   The	
   volumes	
   of	
   the	
  

different	
  parts	
  of	
  the	
  apparatus	
  and	
  the	
  weight	
  of	
  the	
  sorbent	
  have	
  been	
  taken	
  into	
  account.	
  

The	
   pressure	
   change	
   in	
   the	
   sorption	
   vessel	
   was	
   measured	
   with	
   a	
   high-­‐accuracy	
   piezo-­‐

membrane	
  transmitter	
  of	
  type	
  Ceravac	
  CTR100	
  (Oerlikon	
  Leybold	
  Vacuum).	
  	
  

	
  

	
  

Figure	
  5.1	
  Scheme	
  of	
  the	
  adsorption	
  apparatus.	
  

	
  

Solid	
  State	
  Fluorescence	
  Data	
  
Solid	
  state	
  fluorescence	
  data	
  was	
  recorded	
  on	
  a	
  Perkin-­‐Elmer	
  LS55	
  with	
  a	
  step	
  width	
  of	
  0.5	
  

nm.	
   The	
   thin	
   film	
   powder	
   samples	
  were	
   prepared	
   from	
   a	
  DCM	
   suspension	
   or	
   solution	
   by	
  

evaporation	
  of	
  the	
  solvent	
  on	
  a	
  glass	
  substrate.	
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5.3	
  Synthesis	
  of	
  the	
  Linkers	
  

5.3.1	
  Synthesis	
  of	
  Dimethyl-­‐2,2´-­‐dibromo-­‐(1,1´-­‐biphenyl)-­‐4,4´-­‐dicarboxylate	
  (2)	
  
	
  

	
  

20.00	
  mmol	
  (5.40	
  g)	
  of	
  dimethyl-­‐(1,1´-­‐biphenyl)-­‐4,4´-­‐dicarboxylate	
  (1)	
  were	
  gradually	
  added	
  

to	
   50.00	
  ml	
   of	
   conc.	
   sulfuric	
   acid	
   with	
   continuous	
   stirring	
   and	
   then	
   treated	
   with	
   18.80	
   g	
  

(60.29	
   mmol)	
   of	
   silver	
   sulfate.	
   2.00	
   ml	
   (80.00	
   mmol)	
   of	
   bromine	
   were	
   added	
   in	
   three	
  

portions	
  and	
  stirred	
  until	
  the	
  color	
  disappeared.	
  The	
  mixture	
  was	
  poured	
  on	
  to	
  an	
  ice-­‐water	
  

mixture.	
  The	
  recovered	
  precipitate	
  was	
  extracted	
  with	
  ethanol	
  in	
  a	
  Soxhlet	
  apparatus	
  for	
  8	
  

h.	
  Recrystallisation	
  from	
  ethanol	
  yielded	
  6.76	
  g	
  of	
  2	
  as	
  colorless	
  crystals	
  (yield:	
  79	
  %).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  CDCl3):	
  δ	
  8.33	
  (d,	
  J	
  =	
  0.8	
  Hz,	
  2H,	
  H3),	
  8.04	
  (dd,	
  J	
  =	
  8.0	
  Hz,	
  0.8	
  Hz,	
  2H,	
  H5),	
  

7.30	
  (d,	
  J	
  =	
  8.0	
  Hz,	
  2H,	
  H6),	
  3.94	
  (s,	
  6H,	
  H8)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
  CDCl3):	
  δ	
  165.5	
  (C7),	
  145.7	
  (C1),	
  134.0	
  (C3),	
  131.9	
  (C4),	
  130.7	
  (C6),	
  128.4	
  

(C5),	
  123.2	
  (C2),	
  52.5	
  (C8)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3006,	
  2952,	
  1715,	
  1289,	
  1119,	
  1048.	
  	
  

Elemental	
  analysis:	
  C16H12Br2O4	
  (428.07	
  g/mol)	
  

Calculated	
   :	
   	
  	
   C:	
  44.89	
  %	
   H:	
  2.83	
  %	
  

Found	
   	
   :	
   	
   C:	
  44.80	
  %	
  	
   H:	
  2.92	
  %	
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5.3.2	
  Synthesis	
  of	
  2,2`-­‐Dibromo-­‐(1,1`-­‐biphenyl)-­‐4,4`-­‐dicarboxylic	
  acid	
  (3)	
  
	
  

	
  

3.74	
  mmol	
  (1.60	
  g)	
  of	
  2	
  were	
  dissolved	
   in	
  20.00	
  ml	
  of	
  MeOH.	
   In	
  another	
  flask,	
  KOH	
  (15.00	
  

mmol,	
  0.84	
  g)	
  were	
  dissolved	
  in	
  a	
  MeOH/water	
  (10.00	
  ml/30.00	
  ml)	
  mixture	
  and	
  then	
  added	
  

to	
   the	
   former	
   solution.	
   The	
   reaction	
   mixture	
   was	
   refluxed	
   for	
   5h.	
   After	
   stripping	
   the	
  

methanol,	
  water	
  (10.00	
  ml)	
  was	
  added	
  to	
  the	
  flask	
  and	
  the	
  solution	
  was	
  acidified	
  with	
  a	
  10%	
  

HCl	
  solution	
  until	
  pH	
  1.0.	
  The	
  resulting	
  precipitate	
  white	
  was	
  filtered	
  and	
  washed	
  with	
  water	
  

until	
  pH	
  7.0	
  (yield:	
  1.20	
  g,	
  80	
  %).	
  

1H	
  NMR	
  (600	
  MHz,	
  (CD3)2SO):	
  δ	
  8.21	
  (s,	
  2H,	
  H3),	
  8.02	
  (d,	
  J	
  =	
  7.8	
  Hz,	
  2H,	
  H5),	
  7.48	
  (d,	
  J	
  =	
  7.8	
  

Hz,	
  2H,	
  H6)	
  ppm.	
  

13C	
  NMR	
  (151	
  MHz,	
   (CD3)2SO):	
  δ	
  165.8	
   (C7),	
  145.0	
   (C1),	
  133.0	
   (C3),	
  132.8	
   (C4),	
  131.3	
   (C6),	
  

128.7	
  (C5),	
  122.6	
  (C2)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3068,	
  2972,	
  1685,	
  1047,	
  898.	
  	
  

Elemental	
  analysis:	
  C14H8Br2O8	
  (400.02	
  g/mol)	
  

Calculated	
   :	
   	
  	
   C:	
  42.04	
  %	
   H:	
  2.02	
  %	
  

Found	
   	
   :	
   	
   C:	
  42.18	
  %	
  	
   H:	
  2.19	
  %	
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5.3.3	
  Synthesis	
  of	
  Dimethyl-­‐2,2´-­‐dinitro-­‐(1,1´-­‐biphenyl)-­‐4,4´-­‐dicarboxylate	
  (4)	
  
	
  

	
  

5.00	
  ml	
  of	
  HNO3	
  and	
  7.00	
  ml	
  of	
  H2SO4	
  were	
  mixed	
  and	
  in	
  a	
  flask	
  in	
  a	
  water-­‐ice	
  bath	
  to	
  keep	
  

the	
   temperature	
   of	
   the	
   solution	
   between	
   5-­‐10	
   °C.	
   25.00	
  mmol	
   (6.76	
   g)	
   of	
   dimethyl-­‐(1,1´-­‐

biphenyl)-­‐4,4´-­‐dicarboxylate	
   (1)	
  were	
   added	
   in	
   small	
   portions	
   and	
   the	
  mixture	
  was	
   stirred	
  

over	
  night	
   to	
  yield	
  a	
  yellow-­‐orange	
   solution.	
  The	
   solution	
  was	
  poured	
  onto	
   ice-­‐water.	
  The	
  

resulting	
  precipitate	
  was	
  filtered	
  off	
  and	
  washed	
  with	
  water.	
  Recrystallisation	
  from	
  methanol	
  

yielded	
  a	
  pale	
  yellow	
  solid	
  (yield:	
  6.64	
  g,	
  98	
  %).	
  	
  

1H	
  NMR	
  (600	
  MHz,	
  (CD3)2SO):	
  δ	
  8.69	
  (d,	
  J=	
  1.2	
  Hz,	
  2H,	
  H3),	
  8.37	
  (dd,	
  J=	
  8.0	
  Hz,	
  1.2	
  Hz,	
  2	
  H,	
  

H5),	
  7.71	
  (d,	
  J=	
  8.0	
  Hz,	
  2	
  H,	
  H6),	
  3.96	
  (s,	
  6H,	
  H8)	
  ppm.	
  	
  

13C	
  NMR	
  (151	
  MHz,	
   (CD3)2SO):	
  δ	
  164.2	
   (C7),	
  146.6	
   (C2),	
  137.0	
   (C4),	
  134.1	
   (C5),	
  132.0	
   (C1),	
  

131.2	
  (C6),	
  125.0	
  (C3),	
  53.0	
  (C8)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3094,	
  2957,	
  1722,	
  1343,	
  1286.	
  	
  

Elemental	
  analysis:	
  C16H12N2O8	
  (360.28	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  53.34	
  %	
   H:	
  3.36	
  %	
   N:	
  7.78	
  %	
  

Found	
   	
   :	
   	
   C:	
  53.39	
  %	
  	
   H:	
  3.49	
  %	
   N:	
  7.49	
  %	
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5.3.4	
  Synthesis	
  of	
  2,2`-­‐Dinitro-­‐(1,1`-­‐biphenyl)-­‐4,4`-­‐dicarboxylic	
  acid	
  (5)	
  

	
  

8.33	
  mmol	
  (3.00	
  g)	
  of	
  4	
  were	
  dissolved	
  in	
  30.00	
  ml	
  of	
  methanol.	
  In	
  another	
  flask,	
  KOH	
  (33.31	
  

mmol,	
  1.87	
  g)	
  was	
  dissolved	
   in	
  a	
  MeOH/water	
   (10.00	
  ml/40	
  ml)	
  mixture	
  and	
  added	
  to	
  the	
  

former	
   solution.	
   The	
   reaction	
   mixture	
   was	
   refluxed	
   for	
   5h.	
   After	
   stripping	
   the	
   methanol,	
  

water	
   (10.00	
  ml)	
  was	
  added	
  to	
  the	
  flask	
  and	
  the	
  solution	
  was	
  acidified	
  with	
  a	
  10.00	
  %	
  HCl	
  

solution	
   until	
   pH	
   1.0.	
   The	
   resulting	
   light	
   yellow	
   precipitate	
   was	
   filtered	
   and	
   washed	
  with	
  

water	
  until	
  pH	
  7.0	
  (yield:	
  2.35	
  g,	
  83%).	
  

1H	
  NMR	
  (400	
  MHz,	
   (CD3)2SO):	
  δ	
  13.84	
  (s,	
  2H,	
  H8),	
  8.67	
  (s,	
  2H,	
  H3),	
  8.35	
  (d,	
  J	
  =	
  8.0	
  Hz,	
  2H,	
  

H5),	
  7.68	
  (d,	
  J	
  =	
  8.0	
  Hz,	
  2H,	
  H6)	
  ppm.	
  

13C	
  NMR	
  (101	
  MHz,	
   (CD3)2SO):	
  δ	
  165.3	
   (C7),	
  146.7	
   (C2),	
  136.7	
   (C4),	
  134.3	
   (C5),	
  132.5	
   (C1),	
  

131.9	
  (C6),	
  125.1	
  (C3)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3064,	
  2958,	
  1692,	
  1616,	
  1529,	
  929.	
  	
  

Elemental	
  analysis:	
  C14H8N2O8	
  (332.22	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  50.61	
  %	
   H:	
  2.43	
  %	
   N:	
  8.43	
  %	
  

Found	
   	
   :	
   	
   C:	
  50.64	
  %	
  	
   H:	
  2.42	
  %	
   N:	
  8.26	
  %	
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5.3.5	
  Synthesis	
  of	
  Dimethyl-­‐2,2´-­‐diamino-­‐(1,1´-­‐biphenyl)-­‐4,4´-­‐dicarboxylate	
  (6)	
  
	
  

	
  

13.89	
  mmol	
  (5.00	
  g)	
  of	
  4	
  were	
  dissolved	
  in	
  300.00	
  ml	
  of	
  freshly	
  distilled	
  methanol.	
  1.50	
  g	
  of	
  

Pd	
  (10%	
  wt.)/C	
  were	
  added	
  to	
  the	
  reaction	
  medium	
  under	
  nitrogen	
  with	
  continuous	
  stirring.	
  

After	
  stirring	
  for	
  5	
  min,	
  175.95	
  mmol	
  (11.09	
  g)	
  of	
  NH4HCO2	
  were	
  added	
  under	
  nitrogen.	
  The	
  

reaction	
  mixture	
  was	
   heated	
   to	
   reflux	
   for	
   4	
   h.	
   The	
   resulting	
   suspension	
  was	
   filtered	
   over	
  

celite®.	
  Methanol	
  was	
  stripped	
  and	
  a	
  yellowish	
  solid	
  was	
  obtained	
  which	
  was	
  extracted	
  with	
  

dichloromethane	
  and	
  water.	
  The	
  organic	
  phase	
  was	
  dried	
  over	
  Na2SO4.	
  After	
   stripping	
   the	
  

solvent,	
  recrystallisation	
  of	
  the	
  yellow	
  solid	
  from	
  methanol	
  yielded	
  3.50	
  g	
  (84	
  %)	
  of	
  6.	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  7.44	
  (d,	
  J	
  =	
  1.2	
  Hz,	
  2H,	
  H3),	
  7.23	
  (dd,	
  J=	
  8.0	
  Hz,	
  1.2	
  Hz,	
  2H,	
  

H5),	
  7.08	
  (d,	
  J=	
  8.0	
  Hz,	
  2H,	
  H6),	
  5.00	
  (s,	
  4H,	
  H9),	
  3.83	
  (s,	
  6H,	
  H8)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
   (CD3)2SO):	
  δ	
  166.6	
   (C7),	
  145.6	
   (C2),	
  130.8	
   (C6),	
  129.7	
   (C4),	
  127.6	
   (C1),	
  

117.2	
  (C5),	
  115.8	
  (C3),	
  51.9	
  (C8)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3449,	
  3358,	
  3002,	
  2951,	
  1696,	
  1235.	
  	
  

Elemental	
  analysis:	
  C16H16N2O4	
  (300.31	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  63.99	
  %	
   H:	
  5.37	
  %	
   N:	
  9.33	
  %	
  

Found	
   	
   :	
   	
   C:	
  63.95	
  %	
  	
   H:	
  5.33	
  %	
   N:	
  9.40	
  %	
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5.3.6	
  Synthesis	
  of	
  2,2`-­‐Diamino-­‐(1,1`-­‐biphenyl)-­‐4,4`-­‐dicarboxylic	
  acid	
  (7)	
  

	
  

Method	
  A:	
  3.33	
  mmol	
  (1.00	
  g)	
  of	
  6	
  were	
  dissolved	
  in	
  10.00	
  ml	
  of	
  methanol.	
  In	
  another	
  flask,	
  

KOH	
  (13.32	
  mmol,	
  0.75	
  g)	
  was	
  dissolved	
  in	
  a	
  MeOH/water	
  (10.00	
  ml/20.00	
  ml)	
  mixture	
  and	
  

added	
  to	
  the	
  former	
  solution.	
  The	
  reaction	
  mixture	
  was	
  refluxed	
  for	
  5h.	
  After	
  stripping	
  the	
  

methanol,	
  water	
  (10.00	
  ml)	
  was	
  added	
  to	
  the	
  flask	
  and	
  the	
  solution	
  was	
  acidified	
  with	
  acetic	
  

acid	
  until	
  pH	
  1.0.	
  The	
  resulting	
  precipitate	
  was	
  filtered	
  and	
  washed	
  with	
  water	
  until	
  pH	
  7.0	
  

(yield:	
  0.80	
  g,	
  78	
  %).	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  7.71	
  (s,	
  2H,	
  H3),	
  7.52	
  (d,	
  J	
  =	
  8.0	
  Hz,	
  2H,	
  H5),	
  7.29	
  (d,	
  J	
  =	
  8.0	
  

Hz,	
  2H,	
  H6)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
   (CD3)2SO):	
  δ	
  167.1	
   (C7),	
  140.3	
   (C2),	
  131.4	
   (C6),	
  131.3	
   (C4),	
  130.1	
   (C1),	
  

121.7	
  (C5),	
  119.7	
  (C3)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3434,	
  3398,	
  3077,	
  1687,	
  1619,	
  932.	
  

Elemental	
  analysis:	
  C14H12N2O4	
  (272.26	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  61.76	
  %	
   H:	
  4.44	
  %	
   N:	
  10.29	
  %	
  

Found	
   	
   :	
   	
   C:	
  61.67	
  %	
  	
   H:	
  4.68	
  %	
   N:	
  10.28	
  %	
  

	
  

Method	
  B:	
  2.78	
  mmol	
  (1.00	
  g)	
  of	
  4	
  were	
  suspended	
  in	
  30.00	
  ml	
  of	
  HCl	
  (37	
  %	
  v/v)	
  solution	
  

containing	
   14	
   mmol	
   (3.20	
   g)	
   SnCl2.2H2O.	
   The	
   solution	
   was	
   stirred	
   for	
   3	
   days	
   at	
   room	
  

temperature.	
  The	
  resulting	
  pale	
  yellow	
  solution	
  was	
  poured	
  onto	
  an	
  ice-­‐water	
  mixture.	
  	
  The	
  

carboxylic	
  acid	
  precipitation	
  was	
  filtered	
  off	
  and	
  washed	
  with	
  water	
  (yield:	
  0.76	
  g,	
  68	
  %).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  7.76	
  (s,	
  2H,	
  H3),	
  7.60	
  (d,	
  J	
  =	
  7.6	
  Hz,	
  2H,	
  H5),	
  7.34	
  (d,	
  J	
  =	
  7.6	
  

Hz,	
  2H,	
  H6)	
  ppm.	
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13C	
  NMR	
  (101	
  MHz,	
   (CD3)2SO):	
  δ	
  167.2	
   (C7),	
  139.2	
   (C1),	
  131.8	
   (C4),	
  131.7	
   (C6),	
  131.0	
   (C2),	
  

123.0	
  (C3),	
  120.6	
  (C5)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3312,	
  3077,	
  1698,	
  1622,	
  933.	
  	
  

Elemental	
  analysis:	
  C14H12N2O4.HCl	
  (308.72	
  g/mol)	
  

Calculated	
   :	
   	
  	
   C:	
  54.47	
  %	
   H:	
  4.24	
  %	
   N:	
  9.07	
  %	
  

Found	
   	
   :	
   	
   C:	
  54.27	
  %	
  	
   H:	
  4.60	
  %	
   N:	
  8.97	
  %	
  

	
  

5.3.7	
  Synthesis	
  of	
  Dimethyl-­‐2,2´-­‐diacetamido-­‐(1,1´-­‐biphenyl)-­‐4,4´-­‐dicarboxylate	
  (8)	
  

	
  

5.59	
  mmol	
  (1.68	
  g)	
  of	
  6	
  were	
  dissolved	
   in	
  30	
  ml	
  chloroform.	
  56.00	
  mmol	
  (5.72	
  g)	
  of	
  acetic	
  

anhydride	
  were	
  added	
   to	
   the	
   solution.	
   The	
   reaction	
  mixture	
  was	
  heated	
   to	
   reflux	
   for	
  6	
  h.	
  

Chloroform	
  was	
   stripped	
   off	
   and	
   the	
   obtained	
   solid	
  was	
   extracted	
  with	
   dichloromethane.	
  

The	
  organic	
  phase	
  was	
  washed	
  with	
  aqueous	
  ammonia	
  (5.00	
  %)	
  and	
  then	
  dried	
  over	
  Na2SO4.	
  

After	
  stripping	
  the	
  solvent,	
  recrystallisation	
  of	
  the	
  yellow	
  solid	
  from	
  methanol	
  yielded	
  1.87	
  g	
  

(87%)	
  of	
  8.	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  9.04	
  (s,	
  2H,	
  H9),	
  8.26	
  (s,	
  2H,	
  H3),	
  7.82	
  (d,	
  J=	
  8.0	
  Hz,	
  2H,	
  H5),	
  

7.35	
  (d,	
  J=	
  8.0	
  Hz,	
  2H,	
  H6),	
  3.88	
  (s,	
  6H,	
  H8),	
  1.85	
  (s,	
  6H,	
  H11)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
  (CD3)2SO):	
  δ	
  168.9	
  (C10),	
  165.9	
  (C7),	
  136.2	
  (C41),	
  136.0	
  (C1),	
  131.3	
  (C6),	
  

129.5	
  (C2),	
  126.5	
  (C3),	
  125.5	
  (C5),	
  52.3	
  (C8),	
  23.1	
  (C11)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3345,	
  3006,	
  2955,	
  1691,	
  1250,	
  760.	
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Elemental	
  analysis:	
  C20H20N2O6	
  (384.38	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  62.49	
  %	
   H:	
  5.24	
  %	
   N:	
  7.29	
  %	
  

Found	
   	
   :	
   	
   C:	
  62.33	
  %	
  	
   H:	
  5.38	
  %	
   N:	
  7.28	
  %	
  

	
  

5.3.8	
  Synthesis	
  of	
  2,2`-­‐Diacetamido-­‐(1,1`-­‐biphenyl)-­‐4,4`-­‐dicarboxylic	
  acid	
  (9)	
  

	
  

5.58	
  mmol	
  (2.30	
  g)	
  of	
  8	
  were	
  dissolved	
   in	
  30	
  ml	
  of	
  methanol.	
   In	
  another	
  flask,	
  KOH	
  (22.31	
  

mmol,	
   1.25	
   g)	
   was	
   dissolved	
   in	
   a	
   MeOH/water	
   (10	
   ml/40	
   ml)	
   mixture	
   and	
   added	
   to	
   the	
  

former	
   solution.	
   The	
   reaction	
  mixture	
   was	
   stirred	
   over	
   night	
   at	
   room	
   temperature.	
   After	
  

stripping	
  the	
  methanol,	
  water	
  (20	
  ml)	
  was	
  added	
  to	
  the	
  flask	
  and	
  the	
  solution	
  was	
  acidified	
  

with	
  10.00	
  %	
  HCl	
  solution	
  until	
  pH	
  1.0.	
  The	
  resulting	
  precipitate	
  light	
  yellow	
  was	
  filtered	
  off	
  

and	
  washed	
  with	
  water	
  until	
  pH	
  7.0	
  (yield:	
  1.75	
  g,	
  81	
  %).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  8.99	
  (s,	
  2H,	
  H9),	
  8.22	
  (s,	
  2H,	
  H3),	
  7.80	
  (dd,	
  J=	
  8.0	
  Hz,	
  1.6	
  Hz,	
  

2H,	
  H5),	
  7.31	
  (d,	
  J=	
  8.0	
  Hz,	
  2H,	
  H6),	
  1.84	
  (s,	
  6H,	
  H11)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
  (CD3)2SO):	
  δ	
  168.9	
  (C10),	
  167.0	
  (C7),	
  136.0	
  (C4),	
  135.9	
  (C1),	
  131.1	
  (C6),	
  

130.7	
  (C2),	
  126.3	
  (C3),	
  125.7	
  (C5),	
  23.1	
  (C11)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3303,	
  3007,	
  1698,	
  1665,	
  1534,	
  763.	
  	
  

Elemental	
  analysis:	
  C18H16N2O6	
  (356.33	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  60.67	
  %	
   H:	
  4.53	
  %	
   N:	
  7.86	
  %	
  

Found	
   	
   :	
   	
   C:	
  59.40	
  %	
  	
   H:	
  4.80	
  %	
   N:	
  7.32	
  %	
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5.3.9	
  Synthesis	
  of	
  Dimethyl-­‐2,2´-­‐dipropionamido-­‐(1,1´-­‐biphenyl)-­‐4,4´-­‐dicarboxylate	
  (10)	
  

	
  

8.32	
  mmol	
  (2.50	
  g)	
  of	
  6	
  were	
  dissolved	
  in	
  40	
  ml	
  chloroform.	
  50	
  mmol	
  (6.50	
  g)	
  of	
  propanoic	
  

anhydride	
  were	
  added	
   to	
   the	
   solution.	
   The	
   reaction	
  mixture	
  was	
  heated	
   to	
   reflux	
   for	
  6	
  h.	
  

Chloroform	
  was	
  removed	
  and	
  the	
  obtained	
  solid	
  was	
  extracted	
  with	
  dichloromethane.	
  The	
  

organic	
   phase	
  was	
  washed	
  with	
   aqueous	
   ammonia	
   (5.00	
  %)	
   and	
   then	
   dried	
   over	
   Na2SO4.	
  

After	
  stripping	
  the	
  solvent,	
  recrystallisation	
  of	
  the	
  yellow	
  solid	
  from	
  methanol	
  yielded	
  1.87	
  g	
  

(87	
  %)	
  of	
  10.	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  8.90	
  (s,	
  2H,	
  H9),	
  8.29	
  (d,	
  J=	
  1.8	
  Hz,	
  2H,	
  H3),	
  7.81	
  (dd,	
  J=	
  8.0	
  

Hz,	
  1.8	
  Hz,	
  2H,	
  H5),	
  7.33	
  (d,	
  J=	
  8.0	
  Hz,	
  2H,	
  H6),	
  	
  3.88	
  (s,	
  6H,	
  H8),	
  2.15-­‐2.08	
  (m,	
  4H,	
  	
  H11),	
  0.92	
  

(t,	
  J=	
  8.0	
  Hz,	
  	
  6H,	
  H12)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
  (CD3)2SO):	
  δ	
  172.5	
  (C10),	
  166.0	
  (C7),	
  136.2	
  (C4),	
  136.1	
  (C1),	
  131.2	
  (C6),	
  

129.6	
  (C2),	
  125.8	
  (C3),	
  125.4	
  (C5),	
  52.3	
  (C8),	
  28.7	
  (C11),	
  9.3	
  (C12)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3280,	
  2952,	
  1717,	
  1662,	
  1532,	
  1266,	
  755.	
  	
  

Elemental	
  analysis:	
  C22H24N2O6	
  (412.44	
  g/mol)	
  

Calculated	
   :	
   	
  	
   C:	
  64.07	
  %	
   H:	
  5.87	
  %	
   N:	
  6.79	
  %	
  

Found	
   	
   :	
   	
   C:	
  63.31	
  %	
  	
   H:	
  6.01	
  %	
   N:	
  6.73	
  %	
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5.3.10	
  Synthesis	
  of	
  2,2`-­‐Dipropionamido-­‐(1,1`-­‐biphenyl)-­‐4,4`-­‐dicarboxylic	
  acid	
  (11)	
  

	
  

7.03	
  mmol	
   (2.90	
   g)	
   of	
   10	
   were	
   dissolved	
   in	
   30.00	
  ml	
   of	
  methanol.	
   In	
   another	
   flask,	
   KOH	
  

(28.00	
  mmol,	
  1.58	
  g)	
  was	
  dissolved	
  in	
  a	
  MeOH/water	
  (10.00	
  ml/40.00	
  ml)	
  mixture	
  and	
  added	
  

to	
   the	
   former	
   solution.	
   The	
   reaction	
  mixture	
  was	
   stirred	
  over	
  night	
   at	
   room	
   temperature.	
  

After	
   stripping	
   the	
  methanol,	
   water	
   (20	
  ml)	
  was	
   added	
   to	
   the	
   flask	
   and	
   the	
   solution	
  was	
  

acidified	
  with	
  a	
  10.00	
  %	
  HCl	
  solution	
  until	
  pH	
  1.0.	
  The	
  resulting	
  precipitate	
  was	
  filtered	
  off	
  

and	
  washed	
  with	
  water	
  until	
  pH	
  7.0	
  (yield:	
  2.70	
  g,	
  79	
  %).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  13.09	
  (s,	
  2H,	
  H8),	
  8.80	
  (s,	
  2H,	
  H9),	
  8.24	
  (s,	
  2H,	
  H3),	
  	
  7.79	
  (d,	
  

J=	
  8.0	
  Hz,	
  2H,	
  H5),	
  7.29	
  (d,	
  J=	
  8.0	
  Hz,	
  2H,	
  H6),	
  	
  2.14	
  –	
  2.07	
  (m,	
  4H,	
  H11),	
  0.91	
  (t,	
  J=	
  8.0	
  Hz,	
  6H,	
  

H12)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
  (CD3)2SO):	
  δ	
  172.5	
  (C10),	
  167.0	
  (C7),	
  136.2	
  (C4),	
  135.9	
  (C1),	
  131.0	
  (C6),	
  

130.9	
  (C2),	
  126.2	
  (C3),	
  125.7	
  (C5),	
  28.7	
  (C11),	
  9.4	
  (C12)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3328,	
  2980,	
  1662,	
  1532,	
  1232,	
  768.	
  	
  

Elemental	
  analysis	
  for	
  C20H20N2O6:	
  	
  

Calculated	
   :	
   	
  	
   C:	
  62.49	
  %	
   H:	
  5.24	
  %	
   N:	
  7.29	
  %	
  

Found	
   	
   :	
   	
   C:	
  63.31	
  %	
  	
   H:	
  6.01	
  %	
   N:	
  6.73	
  %	
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5.3.11	
  Synthesis	
  of	
  Dimethyl-­‐2,2´-­‐dibutyramido-­‐(1,1´-­‐biphenyl)-­‐4,4´-­‐dicarboxylate	
  (12)	
  

	
  

10.00	
  mmol	
   (3.16	
   g)	
   of	
  6	
  were	
   dissolved	
   in	
   50	
  ml	
   CHCl3.	
   82.50	
  mmol	
   (13.05	
   g)	
   of	
   butyric	
  

anhydride	
  were	
  added	
   to	
   the	
   solution.	
   The	
   reaction	
  mixture	
  was	
  heated	
   to	
   reflux	
   for	
  6	
  h.	
  

CHCl3	
   was	
   stripped	
   off	
   and	
   the	
   obtained	
   solid	
   was	
   extracted	
   with	
   dichloromethane.	
   The	
  

organic	
   phase	
  was	
  washed	
  with	
   aqueous	
   ammonia	
   (5.00	
  %)	
   and	
   then	
   dried	
   over	
   Na2SO4.	
  

After	
   stripping	
   the	
   solvent,	
   recrystallisation	
   of	
   the	
   yellowish	
   solid	
   from	
  methanol	
   yielded	
  

3.69	
  g	
  (90	
  %)	
  of	
  12.	
  	
  

1H	
  NMR	
  (600	
  MHz,	
  (CD3)2SO):	
  δ	
  8.93	
  (s,	
  2H,	
  H9),	
  8.26	
  (d,	
  J=	
  1.8	
  Hz,	
  2H,	
  H3),	
  7.81	
  (dd,	
  J=	
  8.0	
  

Hz,	
  1.8	
  Hz,	
  2H,	
  H5),	
  7.30	
  (d,	
  J=	
  8.0	
  Hz,	
  2H,	
  H6),	
  	
  3.88	
  (s,	
  6H,	
  H8),	
  2.11	
  –	
  2.06	
  (m,	
  H11),	
  1.48	
  –	
  

1.41	
  (m,	
  2H,	
  H12),	
  0.77	
  (t,	
  6H,	
  J=	
  7.4	
  Hz,	
  H13)	
  ppm.	
  	
  

13C	
  NMR	
  (151	
  MHz,	
  (CD3)2SO):	
  δ	
  171.7	
  (C10),	
  165.9	
  (C7),	
  136.5	
  (C4),	
  136.1	
  (C1),	
  131.0	
  (C6),	
  

129.6	
  (C2),	
  125.9	
  (C3),	
  125.5	
  (C5),	
  52.3	
  (C8),	
  37.4	
  (C11),	
  18.3	
  (C12),	
  13.5	
  (C13)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3279,	
  2962,	
  1721,	
  1664,	
  1526,	
  1289,	
  763.	
  	
  

Elemental	
  analysis:	
  C24H28N2O6	
  (440.49	
  g/mol)	
  

Calculated	
   :	
   	
  	
   C:	
  65.44	
  %	
   H:	
  6.41	
  %	
   N:	
  6.36	
  %	
  

Found	
   	
   :	
   	
   C:	
  64.80	
  %	
  	
   H:	
  6.51	
  %	
   N:	
  6.36	
  %	
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5.3.12	
  Synthesis	
  of	
  2,2`-­‐Dibutyramido-­‐(1,1`-­‐biphenyl)-­‐4,4`-­‐dicarboxylic	
  acid	
  (13)	
  

	
  

6.81	
  mmol	
   (3.00	
   g)	
   of	
   12	
   were	
   dissolved	
   in	
   30.00	
  ml	
   of	
  methanol.	
   In	
   another	
   flask,	
   KOH	
  

(27.24	
  mmol,	
  1.53	
  g)	
  was	
  dissolved	
  in	
  a	
  MeOH/water	
  (10.00	
  ml/40.00	
  ml)	
  mixture	
  and	
  added	
  

to	
   the	
   former	
   solution.	
   The	
   reaction	
  mixture	
  was	
   stirred	
  over	
  night	
   at	
   room	
   temperature.	
  

After	
  stripping	
  the	
  methanol,	
  water	
  (20.00	
  ml)	
  was	
  added	
  to	
  the	
  flask	
  and	
  the	
  solution	
  was	
  

acidified	
  with	
  a	
  10.00	
  %	
  HCl	
  solution	
  until	
  pH	
  1.0.	
  The	
  resulting	
  precipitate	
  was	
  filtered	
  off	
  

and	
  washed	
  with	
  water	
  until	
  pH	
  7.0	
  (yield:	
  2.81	
  g,	
  84	
  %).	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  13.11	
  (s,	
  2H,	
  H8),	
  8.90	
  (s,	
  2H,	
  H9),	
  8.22	
  (s,	
  2H,	
  H3),	
  7.79	
  (dd,	
  

J=	
  7.8,	
  1.6	
  Hz,	
  2H,	
  H5),	
  7.27	
  (d,	
  J=	
  8.0	
  Hz,	
  2H,	
  H6),	
  2.10	
  –	
  2.06	
  (m,	
  4H,	
  H11),	
  δ	
  1.48	
  –	
  1.39	
  (m,	
  

4H,	
  H12),	
  0.77	
  (t,	
  J=	
  7.4	
  Hz,	
  6H,	
  H13)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
  (CD3)2SO):	
  δ	
  171.7	
  (C10),	
  167.0	
  (C7),	
  136.5	
  (C4),	
  136.0	
  (C1),	
  130.8	
  (C6),	
  

130.8	
  (C2),	
  126.3	
  (C3),	
  125.7	
  (C5),	
  37.5	
  (C11),	
  18.3	
  (C12),	
  13.5	
  (C13)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3300,	
  2961,	
  1707,	
  1643,	
  1527,	
  1187.	
  	
  

Elemental	
  analysis:	
  C22H24N2O6	
  (412.44	
  g/mol)	
  

Calculated	
   :	
   	
  	
   C:	
  64.07	
  %	
   H:	
  5.87	
  %	
   N:	
  6.79	
  %	
  

Found	
   	
   :	
   	
   C:	
  64.22	
  %	
  	
   H:	
  6.48	
  %	
   N:	
  6.36	
  %	
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5.3.13	
  Synthesis	
  of	
  Dimethyl-­‐2,2´-­‐dipentanamido-­‐(1,1´-­‐biphenyl)-­‐4,4´-­‐dicarboxylate	
  (14)	
  
	
  

	
  

11.00	
  mmol	
  (3.42	
  g)	
  of	
  6	
  were	
  dissolved	
  in	
  40	
  ml	
  CHCl3.	
  68.00	
  mmol	
  (12.73	
  g)	
  of	
  pentanoic	
  

anhydride	
  were	
   added	
   to	
   the	
   solution.	
   The	
   reaction	
  mixture	
  was	
   heated	
   to	
   reflux	
   for	
   6h.	
  

CHCl3	
   was	
   stripped	
   off	
   and	
   the	
   obtained	
   solid	
   was	
   extracted	
   with	
   dichloromethane.	
   The	
  

organic	
   phase	
  was	
  washed	
  with	
   aqueous	
   ammonia	
   (5.00	
  %)	
   and	
   then	
   dried	
   over	
   Na2SO4.	
  

After	
   stripping	
   the	
   solvent,	
   recrystallisation	
   of	
   the	
   yellowish	
   solid	
   from	
  methanol	
   yielded	
  

4.35	
  g	
  (84	
  %)	
  of	
  14.	
  	
  

1H	
  NMR	
  (600	
  MHz,	
  (CD3)2SO):	
  δ	
  8.92	
  (s,	
  2H,	
  H9),	
  8.24	
  (d,	
  J=	
  1.8	
  Hz,	
  2H,	
  H3),	
  7.81	
  (dd,	
  J=	
  8.0	
  

Hz,	
  1.8	
  Hz,	
  2H,	
  H5),	
  7.30	
  (d,	
  J=	
  8.0	
  Hz,	
  2H,	
  H6),	
   	
  3.88	
  (s,	
  6H,	
  H8),	
  2.14	
  –	
  2.07	
  (m,	
  4H,	
  H11),	
  

1.40	
  –	
  1.37	
  (m,	
  4H,	
  H12),	
  1.17	
  –	
  1.11	
  (m,	
  4H,	
  H13),	
  0.78	
  (t,	
  6H,	
  J=	
  7.8	
  Hz,	
  H14)	
  ppm.	
  	
  

13C	
  NMR	
  (151	
  MHz,	
  (CD3)2SO):	
  δ	
  171.8	
  (C10),	
  165.9	
  (C7),	
  136.7	
  (C4),	
  136.1	
  (C1),	
  131.0	
  (C6),	
  

129.6	
   (C2),	
   126.0	
   (C3),	
   125.5	
   (C5),	
   52.3	
   (C8),	
   35.2	
   (C11),	
   26.9	
   (C12),	
   21.6	
   (C13),	
   13.7	
   (C14)	
  

ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3284,	
  2954,	
  2874,	
  1723,	
  1663,	
  1292,	
  754.	
  

Elemental	
  analysis:	
  C26H32N2O6	
  (468.54	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  66.65	
  %	
   H:	
  6.88	
  %	
   N:	
  5.98	
  %	
  

Found	
   	
   :	
   	
   C:	
  66.21	
  %	
  	
   H:	
  6.80	
  %	
   N:	
  5.94	
  %	
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5.3.14	
  Synthesis	
  of	
  2,2`-­‐Dipentanamido-­‐(1,1`-­‐biphenyl)-­‐4,4`-­‐dicarboxylic	
  acid	
  (15)	
  
	
  

	
  

2.13	
  mmol	
  (1.00	
  g)	
  of	
  14	
  were	
  dissolved	
  in	
  10.00	
  ml	
  of	
  methanol.	
  In	
  another	
  flask,	
  KOH	
  (8.54	
  

mmol,	
  0.48	
  g)	
  was	
  dissolved	
  in	
  a	
  MeOH/water	
  (10.00	
  ml/20.00	
  ml)	
  mixture	
  and	
  added	
  to	
  the	
  

former	
   solution.	
   The	
   reaction	
  mixture	
   was	
   stirred	
   over	
   night	
   at	
   room	
   temperature.	
   After	
  

stripping	
   the	
   methanol,	
   water	
   (10.00	
   ml)	
   was	
   added	
   to	
   the	
   flask	
   and	
   the	
   solution	
   was	
  

acidified	
  with	
  a	
  10.00	
  %	
  HCl	
  solution	
  until	
  pH	
  1.0.	
  The	
  resulting	
  precipitate	
  was	
  filtered	
  off	
  

and	
  washed	
  with	
  water	
  until	
  pH	
  7.0	
  (yield:	
  0.75	
  g,	
  85	
  %).	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  13.09	
  (s,	
  2H,	
  H8),	
  8.90	
  (s,	
  2H,	
  H9),	
  8.19	
  (s,	
  2H,	
  H3),	
  8.19	
  (dd,	
  

J=	
  8.0	
  Hz,	
  1.6	
  Hz,	
  2H,	
  H5),	
  7.26	
  (d,	
  J=	
  8.0	
  Hz,	
  2H,	
  H6),	
  2.12	
  –	
  2.08	
  (m,	
  4H,	
  H11),	
  1.41	
  –	
  1.35	
  (m,	
  

4H,	
  H12),	
  1.17	
  –	
  1.08	
  (m,	
  4H,	
  H13),	
  0.78	
  (t,	
  6H,	
  J=	
  7.6	
  Hz,	
  H14)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
  (CD3)2SO):	
  δ	
  171.8	
  (C10),	
  167.0	
  (C7),	
  136.7	
  (C4),	
  136.0	
  (C1),	
  130.8	
  (C6),	
  

130.8	
  (C2),	
  126.4	
  (C3),	
  125.8	
  (C5),	
  35.2	
  (C11),	
  27.0	
  (C12),	
  21.6	
  (C13),	
  13.7	
  (C14)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3345,	
  3199,	
  2956,	
  2964,	
  1717,	
  1657,	
  1235,	
  769.	
  	
  

Elemental	
  analysis:	
  C24H28N2O6	
  (440.49	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  65.44	
  %	
   H:	
  6.41	
  %	
   N:	
  6.36	
  %	
  

Found	
   	
   :	
   	
   C:	
  63.25	
  %	
  	
   H:	
  5.88	
  %	
   N:	
  6.71	
  %	
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5.3.15	
   Synthesis	
   of	
   Dimethyl-­‐2,2`-­‐bis(2,2,2-­‐trifluoroacetamido)-­‐(1,1`-­‐biphenyl)-­‐4,4`-­‐
dicarboxylate	
  (16)	
  

	
  

	
  

10.00	
   mmol	
   (3.00	
   g)	
   of	
   6	
   were	
   dissolved	
   in	
   50	
   ml	
   CHCl3.	
   80.00	
   mmol	
   (16.78	
   g)	
   of	
  

trifluoroacetic	
   anhydride	
  were	
   added	
   to	
   the	
   solution.	
   The	
   reaction	
  mixture	
  was	
  heated	
   to	
  

reflux	
   for	
   6	
   h.	
   CHCl3	
   was	
   stripped	
   off	
   and	
   the	
   obtained	
   solid	
   was	
   extracted	
   with	
  

dichloromethane.	
  The	
  organic	
  phase	
  was	
  washed	
  with	
  aqueous	
  ammonia	
  (5.00	
  %)	
  and	
  then	
  

dried	
  over	
  Na2SO4.	
  After	
  stripping	
  the	
  solvent,	
  a	
  yellowish	
  solid	
  was	
  obtained	
  (yield:	
  3.61	
  g,	
  

94	
  %).	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  10.69	
  (s,	
  2H,	
  H9),	
  8.10	
  (d,	
  J=	
  1.4	
  Hz,	
  2H,	
  H3),	
  8.00	
  (dd,	
  J=	
  8.0	
  

Hz,	
  1.4	
  Hz,	
  2H,	
  H5),	
  7.47	
  (d,	
  J=	
  8.0	
  Hz,	
  2H,	
  H6),	
  3.90	
  (s,	
  6H,	
  H8)	
  ppm.	
  

13C	
  NMR	
  (101	
  MHz,	
  (CD3)2SO):	
  δ	
  165.4	
  (C7),	
  155.4	
  (d,	
  2JFC=	
  77.0	
  Hz,	
  C10),	
  138.4	
  (C2),	
  133.1	
  

(C4),	
  131.6	
  (C1),	
  130.4	
  (C6),	
  127.8	
  (C3),	
  127.2	
  (C5),	
  115.7	
  (d,	
  1JFC=	
  288.4	
  Hz,	
  C11),	
  52.5	
  (C8)	
  

ppm.	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3300,	
  3028,	
  2960,	
  1706,	
  1533,	
  1438,	
  1150.	
  

Elemental	
  analysis:	
  C20H14F6N2O6	
  (492.33	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  46.57	
  %	
   H:	
  2.17	
  %	
   N:	
  6.03	
  %	
  

Found	
   	
   :	
   	
   C:	
  49.45	
  %	
  	
   H:	
  3.35	
  %	
   N:	
  5.83	
  %	
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5.3.16	
  Synthesis	
  of	
  Dibutyl-­‐5,5'-­‐(1,4-­‐phenylene)bis(thiophene-­‐2-­‐carboxylate)	
  (20)	
  
	
  

	
  

1,4-­‐Bis(5-­‐iodothiophen-­‐2-­‐yl)benzene	
   (17)	
   (1.00	
  g,	
  2.02	
  mmol)	
  was	
  suspended	
   in	
  anhydrous	
  

DMF	
   (10.00	
   ml)	
   under	
   a	
   nitrogen	
   atmosphere.	
   PPh3	
   (0.05	
   g,	
   0.17	
   mmol),	
   anhydrous	
   n-­‐

butanol	
   (10.00	
  ml)	
   and	
   Et3N	
   (1.50	
  ml)	
   were	
   added	
   to	
   the	
  mixture.	
   After	
   adding	
   Pd(OAc)2	
  

(0.01	
  g,	
  0.06	
  mmol)	
  the	
  autoclave	
  was	
  closed	
  and	
  pressurized	
  with	
  15	
  bar	
  of	
  CO	
  until.	
  The	
  

reaction	
  was	
  stirred	
  at	
  100	
  °C	
  for	
  30	
  h.	
  After	
  releasing	
  the	
  CO	
  pressure,	
  the	
  reaction	
  mixture	
  

was	
   filtered	
   over	
   celite®.	
  Water	
  was	
   added	
   to	
   the	
   filtrate	
   to	
   precipitate	
   the	
   product.	
   The	
  

resulting	
  crystals	
  were	
  collected	
  by	
  filtration	
  (yield	
  0.72	
  g,	
  81	
  %).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  CDCl3):	
  δ	
  7.76	
  (d,	
  J=	
  4.0	
  Hz,	
  2H,	
  H5),	
  7.65	
  (s,	
  4H,	
  H1),	
  7.31	
  (d,	
  J=	
  4.0	
  Hz,	
  

2H,	
  H4),	
  4.31	
  (t,	
  J=	
  6.8	
  Hz,	
  4H,	
  H8),	
  1.78	
  –	
  1.71	
  (m,	
  4H,	
  H9),	
  1.52	
  –	
  1.43	
  (m,	
  4H,	
  H10),	
  0.98	
  (t,	
  

J=	
  7.2	
  Hz,	
  6H,	
  H11)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
  CDCl3):	
  δ	
  162.3	
  (C7),	
  150.0	
  (C3),	
  134.3	
  (C5),	
  133.8	
  (C6),	
  133.1	
  (C2),	
  126.8	
  

(C1),	
  124.0	
  (C4),	
  65.2	
  (C8),	
  31.0	
  (C9),	
  19.3	
  (C10),	
  13.4	
  (C11)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  2960,	
  2934,	
  2875,	
  1689,	
  1478,	
  1441.	
  	
  

Elemental	
  analysis:	
  C24H26O4S2	
  (442.59	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  65.13	
  %	
   H:	
  5.92	
  %	
   S:	
  14.49	
  %	
  

Found	
   	
   :	
   	
   C:	
  64.87	
  %	
  	
   H:	
  5.67	
  %	
   S:	
  14.79	
  %	
  

	
  

	
  

	
  

	
  



Experimental	
  	
  

162	
  
	
  

5.3.17	
  Synthesis	
  of	
  Dibutyl-­‐5,5`-­‐(2,5-­‐dimethyl-­‐1,4-­‐phenylene)bis(thiophene-­‐2-­‐carboxylate)	
  
(21)	
  

	
  

5,5`-­‐(2,5-­‐Dimethyl-­‐1,4-­‐phenylene)bis(2-­‐iodothiophene)	
   (18)	
   (3.00	
   g,	
   5.74	
   mmol)	
   was	
  

suspended	
   in	
  anhydrous	
  DMF	
   (30.00	
  ml)	
  under	
  a	
  nitrogen	
  atmosphere.	
  PPh3	
   (0.10	
  g,	
   0.40	
  

mmol),	
  anhydrous	
  n-­‐butanol	
  (30.00	
  ml)	
  and	
  Et3N	
  (3.00	
  ml)	
  were	
  added	
  to	
  the	
  mixture.	
  After	
  

adding	
  Pd(OAc)2	
  (0.03	
  g,	
  0.13	
  mmol)	
  the	
  autoclave	
  was	
  closed	
  and	
  pressurized	
  with	
  15	
  bar	
  of	
  

CO.	
  The	
  reaction	
  was	
  stirred	
  at	
  100	
  °C	
  for	
  30	
  h.	
  The	
  reaction	
  mixture	
  was	
  filtered	
  over	
  celite.	
  

Water	
   was	
   added	
   to	
   the	
   filtrate	
   to	
   precipitate	
   the	
   product.	
   The	
   resulting	
   crystals	
   were	
  

collected	
  by	
  filtration	
  (yield:	
  2.20	
  g,	
  81	
  %).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  CDCl3):	
  δ	
  7.78	
  (d,	
  J=	
  3.7	
  Hz,	
  2H,	
  H6),	
  7.34	
  (s,	
  2H,	
  H1),	
  7.09	
  (d,	
  J=	
  3.7	
  Hz,	
  

2H,	
  H5),	
  4.32	
  (t,	
  J=	
  6.6	
  Hz,	
  4H,	
  H9),	
  2.43	
  (s,	
  6H,	
  H13),	
  1.78	
  –	
  1.71	
  (m,	
  4H,	
  H10),	
  1.52	
  –	
  1.43	
  (m,	
  

4H,	
  H11),	
  0.98	
  (t,	
  J=	
  7.4	
  Hz,	
  6H,	
  H12)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
  CDCl3):	
  δ	
  162.5	
  (C8),	
  149.5	
  (C4),	
  133.8,	
  133.6,	
  133.6	
  (C7,	
  C3,	
  C2),	
  133.5	
  

(C6),	
  132.9	
  (C1),	
  127.4	
  (C5)	
  65.2	
  (C9),	
  30.9	
  (C10),	
  20.7	
  (C13),	
  19.3	
  (C11),	
  13.9	
  (C12)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  2959,	
  2935,	
  2873,	
  1697,	
  1541,	
  1506,	
  1450,	
  1327,	
  1318,	
  1254,	
  1231,	
  1092.	
  	
  

Elemental	
  analysis:	
  C26H30O4S2	
  (470.64	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  66.35	
  %	
   H:	
  6.42	
  %	
   S:	
  13.63	
  %	
  

Found	
   	
   :	
   	
   C:	
  66.28	
  %	
  	
   H:	
  6.45	
  %	
   S:	
  13.89	
  %	
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5.3.18	
  Synthesis	
  of	
  Tributyl	
  5,5`,5``-­‐(nitriliotris(benzene-­‐4,1-­‐diyl))tris(thiophene-­‐2-­‐
carboxylate)	
  (22)	
  

	
  

Tris	
   (4-­‐(5-­‐iodothiophen-­‐2-­‐yl)phenyl)amine	
   (19)	
   (2.00	
   g,	
   2.30	
   mmol)	
   was	
   suspended	
   in	
  

anhydrous	
   DMF	
   (30.00	
   ml)	
   under	
   a	
   nitrogen	
   atmosphere.	
   PPh3	
   (0.10	
   g,	
   0.35	
   mmol),	
  

anhydrous	
  n-­‐butanol	
  (30.00	
  ml)	
  and	
  Et3N	
  (3.00	
  ml)	
  were	
  added	
  to	
  the	
  mixture.	
  After	
  adding	
  

Pd(OAc)2	
   (0.02	
  g,	
  0.12	
  mmol)	
   the	
  autoclave	
  was	
  closed	
  and	
  pressurized	
  with	
  15	
  bar	
  of	
  CO	
  

until.	
   The	
   reaction	
  was	
   stirred	
   at	
   100	
   °C	
   for	
   30	
   h.	
   The	
   reaction	
  mixture	
  was	
   filtered	
   over	
  

celite.	
  Water	
  was	
  added	
  to	
  the	
  filtrate	
  to	
  precipitate	
  the	
  product.	
  The	
  resulting	
  crystals	
  were	
  

collected	
  by	
  filtration	
  (yield:	
  1.50	
  g,	
  82	
  %).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  CDCl3):	
  δ	
  7.75	
  (d,	
  J=	
  3.9	
  Hz,	
  3H,	
  H7),	
  7.56	
  (d,	
  J=	
  8.6	
  Hz,	
  6H,	
  H2),	
  7.23	
  (d,	
  J=	
  

3.9	
  Hz,	
  3H,	
  H6),	
  7.16	
  (d,	
  J=	
  8.6	
  Hz,	
  6H,	
  H3),	
  4.31	
  (t,	
  J=	
  6.6	
  Hz,	
  6H,	
  H10),	
  1.78	
  –	
  1.71	
  (m,	
  6H,	
  

H11),	
  1.52	
  –	
  1.43	
  (m,	
  6H,	
  H12),	
  0.98	
  (t,	
  J=	
  7.4	
  Hz,	
  9H,	
  H13)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
  CDCl3):	
  δ	
  162.5	
  (C9),	
  150.7	
  (C5),	
  147.3	
  (C1),	
  134.4	
  (C7),	
  132.1	
  (C8),	
  128.8	
  

(C4),	
  127.4	
  (C3),	
  124.7	
  (C2),	
  123.2	
  (C6),	
  65.2	
  (C10),	
  30.9	
  (C11),	
  19.4	
  (C12),	
  13.9	
  (C13)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  2959,	
  2934,	
  2873,	
  1698,	
  1443,	
  1261,	
  1090,	
  745,	
  660.	
  	
  

Elemental	
  analysis:	
  C45H45NO6S3	
  (792.04	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  68.24	
  %	
   H:	
  5.73	
  %	
   N:	
  1.77	
  %	
   S:	
  12.15	
  %	
  

Found	
   	
   :	
   	
   C:	
  68.14	
  %	
   H:	
  5.67	
  %	
   N:	
  1.74	
  %	
   S:	
  12.34	
  %	
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5.3.19	
  Synthesis	
  of	
  5,5-­‐(1,4-­‐Phenylene)bis(thiophene-­‐2-­‐carboxylic	
  acid)	
  (23)	
  
	
  

	
  

20	
  (0.70	
  g,	
  1.58	
  mmol)	
  was	
  dissolved	
  in	
  50.00	
  ml	
  of	
  a	
  EtOH/water	
  (1:1)	
  mixture.	
  KOH	
  (0.20	
  g,	
  

3.62	
  mmol)	
  was	
  added	
  to	
  the	
  solution	
  which	
  then	
  was	
  refluxed	
  for	
  5	
  h.	
  After	
  cooling	
  to	
  room	
  

temperature,	
  EtOH	
  was	
   stripped.	
  The	
   remaining	
   solution	
  was	
  acidified	
  with	
  HCl	
   (10.00	
  %),	
  

the	
  resulting	
  precipitate	
  was	
  filtered	
  and	
  washed	
  with	
  water	
  and	
  CHCl3	
  (yield:	
  0.50	
  g,	
  96	
  %	
  ).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  7.82	
  (s,	
  4H,	
  H1),	
  7.74	
  (d,	
  J=	
  3.6	
  Hz,	
  2H,	
  H5),	
  7.65	
  (d,	
  J=	
  3.6	
  Hz,	
  

2H,	
  H4)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
   (CD3)2SO):	
  δ	
  162.8	
   (C7),	
  148.8	
   (C3),	
  134.4	
   (C5),	
  133.8	
   (C6),	
  133.1	
   (C2),	
  

126.6	
  (C1),	
  125.1	
  (C4)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  2972,	
  1659,	
  1446,	
  1267,	
  1235,	
  800,	
  672.	
  	
  

Elemental	
  analysis:	
  C16H10O4S2	
  (330.38	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  58.17	
  %	
   H:	
  3.05	
  %	
   S:	
  19.41	
  %	
  

Found	
   	
   :	
   	
   C:	
  56.06	
  %	
  	
   H:	
  3.21	
  %	
   S:	
  18.23	
  %	
  

	
  

5.3.20	
  Synthesis	
  of	
  5,5`-­‐(2,5-­‐Dimethyl-­‐1,4-­‐phenylene)bis(thiophene-­‐2-­‐carboxylic	
  acid)	
  (24)	
  
	
  

	
  

21	
  (2.13	
  g,	
  4.53	
  mmol)	
  was	
  dissolved	
  in	
  a	
  100.00	
  ml	
  EtOH/water	
  (1:1)	
  mixture.	
  KOH	
  (5.08	
  g,	
  

91.00	
  mmol)	
  was	
   added	
   to	
   the	
   solution	
  which	
   then	
  was	
   refluxed	
   for	
   5	
   h.	
  After	
   cooling	
   to	
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room	
   temperature,	
   EtOH	
  was	
   stripped	
   off.	
   The	
   remaining	
   solution	
  was	
   acidified	
  with	
   HCl	
  

(10.00	
  %),	
   the	
   resulting	
   precipitate	
  was	
   filtered	
   and	
  washed	
  with	
  water	
   and	
   CHCl3	
   (yield:	
  

1.59	
  g,	
  98	
  %	
  ).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  7.74	
  (d,	
  J=	
  3.8	
  Hz,	
  2H,	
  H6),	
  7.43	
  (s,	
  2H,	
  H1),	
  7.30	
  (d,	
  J=	
  3.8	
  Hz,	
  

2H,	
  H5),	
  2.40	
  (s,	
  6H,	
  H10)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
   (CD3)2SO):	
  δ	
  162.8	
   (C8),	
  148.2	
   (C4),	
  134.2	
   (C7),	
  133.5	
   (C6),	
  133.4	
   (C2),	
  

132.9	
  (C3),	
  132.4	
  (C1),	
  128.1	
  (C5),	
  20.2	
  (C10)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  2956,	
  2923,	
  2859,	
  2654,	
  2536,	
  1655,	
  1537,	
  1501,	
  1450,	
  1315,	
  1275,	
  1237,	
  

1114.	
  	
  

Elemental	
  analysis:	
  C18H14O4S2	
  (358.43	
  g/mol)	
  

Calculated	
   :	
   	
  	
   C:	
  60.32	
  %	
   H:	
  3.94	
  %	
   S:	
  17.89	
  %	
  

Found	
   	
   :	
   	
   C:	
  60.27	
  %	
  	
   H:	
  4.18	
  %	
   S:	
  17.63	
  %	
  

	
  

5.3.21	
   Synthesis	
   of	
   5,5`,5``-­‐(Nitrilotris(benzene-­‐4,1-­‐diyl))tris(thiophene-­‐2-­‐carboxylic	
   acid)	
  
(25)	
  

	
  

22	
  (1.00	
  g,	
  1.26	
  mmol)	
  was	
  dissolved	
  in	
  100	
  ml	
  of	
  a	
  water/EtOH	
  (1:1)	
  mixture.	
  KOH	
  (2.12	
  g,	
  

37.87	
  mmol)	
  was	
  added	
  to	
  the	
  solution	
  which	
  then	
  was	
  refluxed	
  over	
  night.	
  After	
  cooling	
  to	
  

room	
  temperature,	
  EtOH	
  was	
  stripped	
  off.	
  The	
  remaining	
  solution	
  was	
  acidified	
  with	
  acetic	
  

acid,	
  the	
  resulting	
  precipitate	
  was	
  filtered	
  and	
  washed	
  with	
  water	
  and	
  CHCl3	
  (yield:	
  0.65	
  g,	
  

82	
  %).	
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1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  7.69	
  (d,	
  J=	
  8.6	
  Hz,	
  6H,	
  H2),	
  7.60	
  (d,	
  J=	
  3.8	
  Hz,	
  3H,	
  H7),	
  7.44	
  

(d,	
  J=	
  3.8	
  Hz,	
  3H,	
  H6),	
  7.12	
  (d,	
  J=	
  8.6	
  Hz,	
  6H,	
  H3)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
   (CD3)2SO):	
  δ	
  163.2	
   (C9),	
  148.5	
   (C5),	
  146.6	
   (C1),	
  135.1	
   (C7),	
  133.4	
   (C8),	
  

128.2	
  (C4),	
  127.2	
  (C3),	
  124.4	
  (C2),	
  123.8	
  (C6)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  2958,	
  2541,	
  1658,	
  1533,	
  1441,	
  1263,	
  734.	
  	
  

Elemental	
  analysis:	
  C33H21NO6S3	
  (623.72	
  g/mol)	
  

Calculated	
   :	
   	
  	
   C:	
  63.55	
  %	
   H:	
  3.39	
  %	
   N:	
  2.25	
  %	
   S:	
  15.42	
  %	
  

Found	
   	
   :	
   	
   C:	
  61.33	
  %	
   H:	
  3.92	
  %	
   N:	
  2.14	
  %	
   S:	
  14.74	
  %	
  

	
  

5.3.22	
  Synthesis	
  of	
  1,4-­‐Dichloro-­‐2,5-­‐bis(dibromomethyl)benzene	
  (27)	
  
	
  

	
  

25.0	
  g	
  (0.14	
  mol)	
  of	
  C8H8Cl2	
  were	
  heated	
  up	
  to	
  120	
  °C	
  in	
  a	
  flask	
  connected	
  to	
  a	
  condenser.	
  

Under	
   radiation	
   with	
   visible	
   light	
   using	
   a	
   350	
   Watt	
   daylight	
   lamp,	
   the	
   temperature	
   was	
  

raised	
  slowly	
  to	
  180	
  °C	
  over	
  a	
  period	
  of	
  4.5h	
  with	
  a	
  continuous	
  drop	
  wise	
  addition	
  of	
  92.0	
  g	
  

(4.00	
  mol)	
  Br2.	
  After	
  keeping	
  the	
  reaction	
  medium	
  at	
  180	
  °C	
  for	
  1.5h,	
  the	
  temperature	
  was	
  

further	
   raised	
   to	
   210	
   °C.	
   The	
   reaction	
   medium	
   cooled	
   down	
   to	
   room	
   temperature	
   and	
  

extracted	
  with	
  chloroform.	
  Recrytallisation	
  of	
  the	
  white	
  solid	
  from	
  chloroform	
  yielded	
  32.75	
  

g	
  (47	
  %)	
  of	
  27.	
  

1H	
  NMR	
  (600	
  MHz,	
  CDCl3):	
  δ	
  7.96	
  (s,	
  2H,	
  H2),	
  6.97	
  (s,	
  2H,	
  H4)	
  ppm.	
  

13C	
  NMR	
  (151	
  MHz,	
  CDCl3):	
  δ	
  141.3	
  (C3),	
  131.8	
  (C1),	
  129.3	
  (C2),	
  34.4	
  (C4)	
  ppm.	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3016,	
  2922,	
  1468,	
  1369,	
  1154,	
  1078,	
  894,	
  704.	
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Elemental	
  analysis:	
  C8H4Br4Cl2	
  (490.64	
  g/mol)	
  

Calculated	
   :	
   	
  	
   C:	
  19.58	
  %	
   H:	
  0.82	
  %	
   	
  

Found	
   	
   :	
   	
   C:	
  18.84	
  %	
  	
   H:	
  1.08	
  %	
   	
  

	
  

5.3.23	
  Synthesis	
  of	
  2,5-­‐Dichloroterephthalaldehyde	
  (28)	
  
	
  

	
  

1.99	
  g	
  (4.06	
  mmol)	
  of	
  27	
  and	
  10.00	
  ml	
  of	
  H2SO4	
  were	
  mixed	
  in	
  a	
  flask,	
  heated	
  up	
  to	
  125°C	
  

and	
  stirred	
  for	
  2	
  h	
  under	
  vacuum.	
  Afterwards	
  the	
  suspension	
  was	
  stirred	
  for	
  additional	
  2.5	
  h	
  

at	
   125-­‐130	
   °C.	
   Then	
   the	
   reaction	
   medium	
   was	
   cooled-­‐down	
   to	
   room	
   temperature	
   and	
  

poured	
   onto	
   an	
   ice-­‐water	
  mixture	
   and	
   washed	
   with	
   dichloromethane.	
   The	
   organic	
   phase	
  

was	
   further	
   washed	
   with	
   brine.	
   After	
   stripping	
   off	
   the	
   solvent,	
   the	
   obtained	
   yellow	
  

precipitate	
  was	
  washed	
  with	
  pentane	
  (yield:	
  0.45g,	
  54	
  %).	
  

1H	
  NMR	
  (600	
  MHz,	
  CDCl3):	
  δ	
  10.47	
  (s,	
  2H,	
  H4),	
  8.00	
  (s,	
  2H,	
  H2)	
  ppm.	
  

13C	
  NMR	
  (151	
  MHz,	
  CDCl3):	
  δ	
  188.1	
  (C3),	
  136.4,	
  136.3	
  (C3,	
  C1),	
  131.6	
  (C2)	
  ppm.	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  3082,	
  2917,	
  1684,	
  1357,	
  1154,	
  1078,	
  900,	
  802.	
  

Elemental	
  analysis:	
  C8H4Cl2O2	
  (201.96	
  g/mol)	
  

Calculated	
   :	
   	
  	
   C:	
  47.33	
  %	
   H:	
  1.99	
  %	
   	
  

Found	
   	
   :	
   	
   C:	
  46.81	
  %	
  	
   H:	
  2.20	
  %	
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5.3.24	
  Synthesis	
  of	
  5,5`-­‐(1,4-­‐Phenylene)bis(thiophene-­‐5,2-­‐diyl))dimethanol	
  (32)	
  
	
  

	
  

LiAlH4	
  (10.20	
  mmol,	
  0.38	
  g)	
  was	
  put	
  into	
  a	
  flask	
  under	
  a	
  nitrogen	
  atmosphere	
  and	
  15	
  ml	
  of	
  

freshly	
  distilled	
  THF	
  were.	
  In	
  another	
  flask	
  2.40	
  g	
  (5.10	
  mmol)	
  of	
  20	
  were	
  dissolved	
  in	
  50	
  ml	
  

freshly	
   distilled	
   THF	
   and	
   then	
   added	
   to	
   the	
   LiAlH4	
   suspension.	
   The	
   reaction	
   mixture	
   was	
  

refluxed	
  over	
  night.	
  After	
   cooling	
   to	
   room	
  temperature,	
  water	
   (20	
  ml)	
  was	
  added	
  and	
   the	
  

mixture	
  was	
  poured	
  onto	
  a	
  10	
  %	
  HCl	
  solution	
  (65	
  ml)	
  and	
  which	
  then	
  was	
  stirred	
  for	
  5	
  h.	
  The	
  

resulting	
   yellow	
   precipitate	
  was	
   filtered	
   off,	
   washed	
  with	
   CHCl3	
   and	
   dried	
   under	
   ambient	
  

conditions	
  (yield:	
  1.43	
  g,	
  93	
  %).	
  	
  

1H	
  NMR	
  (600	
  MHz,	
  (CD3)2SO):	
  δ	
  7.64	
  (s,	
  4H,	
  H1),	
  7.37	
  (d,	
  J=	
  6.0	
  Hz,	
  2H,	
  H4),	
  6.95	
  (d,	
  J=	
  6.0	
  Hz,	
  

2H,	
  H5),	
  4.64	
  (s,	
  4H,	
  H7)	
  ppm.	
  	
  

13C	
  NMR	
  (151	
  MHz,	
   (CD3)2SO):	
  δ	
  146.3	
   (C6),	
  141.6	
   (C3),	
  132.9	
   (C2),	
  125.6	
   (C1),	
  125.4	
   (C5),	
  

123.2	
  (C4),	
  58.5	
  (C7)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  3280,	
  2952,	
  2870,	
  1717,	
  1286,	
  1109,	
  768.	
  	
  

Elemental	
  analysis:	
  C16H14O2S2	
  (302.41	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  63.55	
  %	
   H:	
  4.67	
  %	
   S:	
  21.21	
  %	
  

Found	
   	
   :	
   	
   C:	
  63.31	
  %	
  	
   H:	
  4.62	
  %	
   S:	
  21.01	
  %	
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5.3.25	
   Synthesis	
   of	
   5,5`-­‐(2,5-­‐Dimethyl-­‐1,4-­‐phenylene)bis(thiophene-­‐5,2-­‐diyl))dimethanol	
  

(33)	
  

	
  

LiAlH4	
  (11.06	
  mmol,	
  0.41	
  g)	
  was	
  put	
  into	
  a	
  flask	
  under	
  nitrogen	
  atmosphere	
  and	
  15.00	
  ml	
  of	
  

freshly	
  distilled	
  THF	
  were	
  added.	
  In	
  another	
  flask	
  2.60	
  g	
  (5.53	
  mmol)	
  of	
  21	
  were	
  dissolved	
  in	
  

50.00	
  ml	
  of	
  anhydrous	
  THF	
  and	
  then	
  added	
  to	
  the	
  LiAlH4	
  suspension.	
  The	
  reaction	
  mixture	
  

was	
  refluxed	
  over	
  night.	
  After	
  cooling	
  to	
  room	
  temperature,	
  water	
  (20.00	
  ml)	
  was	
  added	
  and	
  

the	
  mixture	
  was	
  poured	
  onto	
  a	
  10.00	
  %	
  HCl	
  solution	
  (65.00	
  ml)	
  and	
  stirred	
  for	
  5h.	
  Aqueous	
  

mixture	
   was	
   extracted	
   with	
   dichloromethane.	
   After	
   stripping	
   off	
   the	
   dichloromethane,	
  

obtained	
   oily	
   substance	
   washed	
   with	
   pentane,	
   leading	
   to	
   a	
   yellow	
   precipitate	
   which	
   was	
  

filtered	
  off	
  and	
  dried	
  under	
  ambient	
  conditions	
  (yield:	
  1.63	
  g,	
  89	
  %).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  CDCl3):	
  δ	
  7.30	
  (s,	
  2H,	
  H1),	
  7.00	
  (d,	
  J=	
  4.0	
  Hz,	
  2H,	
  H5),	
  6.95	
  (d,	
  J=	
  4.0	
  Hz,	
  

2H,	
  H6),	
  4.84	
  (s,	
  4H,	
  H8),	
  2.41	
  (s,	
  6H,	
  H10),	
  2.25	
  (s,	
  2H,	
  H9)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
  CDCl3):	
  δ	
  143.8	
  (C7),	
  143.1	
  (C4),	
  133.6	
  (C2),	
  133.4	
  (C3),	
  132.7	
  (C1),	
  126.4	
  

(C6),	
  125.8	
  (C5),	
  60.2	
  (C8),	
  20.7	
  (C10)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  3264,	
  2922,	
  2861,	
  1002,	
  811,	
  734.	
  	
  

Elemental	
  analysis:	
  C18H18O2S2	
  (330.46	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  65.42	
  %	
   H:	
  5.49	
  %	
   S:	
  19.41	
  %	
  

Found	
   	
   :	
   	
   C:	
  65.61	
  %	
  	
   H:	
  5.64	
  %	
   S:	
  18.75	
  %	
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5.3.26	
   Synthesis	
   of	
   5,5`,5``-­‐(Nitrilotris(benzene-­‐4,1-­‐diyl))tris(thiophene-­‐5,2-­‐diyl))	
  
trimethanol	
  (34)	
  

	
  

LiAlH4	
  (5.49	
  mmol,	
  0.21	
  g)	
  was	
  put	
  into	
  a	
  flask	
  under	
  a	
  nitrogen	
  atmosphere	
  and	
  30.00	
  of	
  ml	
  

freshly	
  distilled	
  THF	
  were	
  added.	
  In	
  another	
  flask	
  1.45	
  (1.83	
  mmol)	
  of	
  22	
  were	
  dissolved	
  in	
  

30.00	
  ml	
  of	
   freshly	
  distilled	
  THF	
  and	
  added	
  to	
   the	
  LiAlH4	
  suspension.	
  The	
  reaction	
  mixture	
  

was	
  refluxed	
  over	
  night.	
  After	
  cooling	
  to	
  room	
  temperature,	
  water	
   (20	
  ml)	
  was	
  added	
  and	
  

the	
  mixture	
   was	
   poured	
   onto	
   a	
   10.00	
   %	
   HCl	
   solution	
   (60.00	
  ml)	
   and	
   stirred	
   for	
   5	
   h.	
   The	
  

resulting	
   red	
   precipitate	
   was	
   filtered	
   off,	
   washed	
   with	
   CHCl3	
   and	
   dried	
   under	
   ambient	
  

conditions	
  (yield:	
  0.75	
  g,	
  70	
  %).	
  	
  

1H	
  NMR	
  (600	
  MHz,	
  (CD3)2SO):	
  δ	
  7.57	
  (d,	
  J=	
  8.0	
  Hz,	
  6H,	
  H2),	
  7.26	
  (d,	
  J=	
  3.0	
  Hz,	
  3H,	
  H6),	
  7.07	
  

(d,	
  J=	
  8.0	
  Hz,	
  6H,	
  H3),	
  6.93	
  (d,	
  J=	
  3.0	
  Hz,	
  3H,	
  H7),	
  4.62	
  (s,	
  6H,	
  H9)	
  ppm.	
  	
  

13C	
  NMR	
  (151	
  MHz,	
   (CD3)2SO):	
  δ	
  145.8	
   (C1),	
  145.5	
   (C8),	
  141.8	
   (C5),	
  129.0	
   (C7),	
  126.4	
   (C4),	
  

125.3	
  (C3),	
  124.2	
  (C2),	
  122.4	
  (C6),	
  58.4	
  (C9)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  3027,	
  2924,	
  1506,	
  1264,	
  795,	
  687.	
  	
  

Elemental	
  analysis:	
  C33H27NO3S3	
  (581.77	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  68.13	
  %	
   H:	
  4.68	
  %	
   N:	
  2.41	
  %	
   S:	
  16.53	
  %	
  

Found	
   	
   :	
   	
   C:	
  68.49	
  %	
   H:	
  4.67	
  %	
   N:	
  2.37	
  %	
   S:	
  16.26	
  %	
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5.3.27	
  Synthesis	
  of	
  1,4-­‐Bis(5-­‐chloromethyl)thiophen-­‐2-­‐yl)benzene	
  (35)	
  
	
  

	
  

Oxalyl	
   chloride	
   (13.00	
   mmol,	
   1.68	
   g)	
   was	
   added	
   to	
   35.00	
   ml	
   of	
   freshly	
   distilled	
   THF,	
   the	
  

reaction	
  medium	
  was	
  cooled	
  down	
  to	
  0	
  °C	
  and	
  DMF	
  (13.00	
  mmol,	
  0.95	
  g)	
  was	
  added	
  to	
  the	
  

solution	
   drop	
   wise.	
   The	
   reaction	
   mixture	
   was	
   warmed	
   up	
   slowly	
   and	
   stirred	
   at	
   room	
  

temperature	
  for	
  additional	
  15	
  min.	
  The	
  reaction	
  mixture	
  was	
  again	
  cooled	
  down	
  to	
  0°C,	
  32	
  

(1.65	
  mmol,	
  0.50	
  g)	
  was	
  added	
  and	
  the	
  solution	
  was	
  stirred	
  over	
  night.	
  After	
  stripping	
  off	
  the	
  

volatiles,	
  H2O	
  was	
  added.	
  The	
  resulting	
  yellow	
  precipitate	
  was	
  filtered	
  off	
  and	
  washed	
  with	
  

H2O.	
  (yield:	
  0.50	
  g,	
  89	
  %).	
  	
  

1H	
  NMR	
  (600	
  MHz,	
  (CD3)2SO):	
  δ	
  7.69	
  (s,	
  4H,	
  H1),	
  7.44	
  (d,	
  J=	
  3.5	
  Hz,	
  2H,	
  H4),	
  7.22	
  (d,	
  J=	
  3.5	
  Hz,	
  

2H,	
  H5),	
  5.07	
  (s,	
  4H,	
  H7)	
  ppm.	
  	
  

13C	
  NMR	
  (151	
  MHz,	
   (CD3)2SO):	
  δ	
  144.2	
   (C3),	
  139.9	
   (C6),	
  132.8	
   (C2),	
  129.9	
   (C5),	
  126.0	
   (C1),	
  

123.7	
  (C4),	
  40.9	
  (C7)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  2974,	
  2954,	
  2865,	
  697,	
  660.	
  	
  

Elemental	
  analysis:	
  C16H12Cl2S2	
  (339.30	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  56.64	
  %	
   H:	
  3.56	
  %	
   S:	
  18.90	
  %	
  

Found	
   	
   :	
   	
   C:	
  57.56	
  %	
  	
   H:	
  3.91	
  %	
   S:	
  18.23	
  %	
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5.3.28	
  Synthesis	
  of	
  5,5`-­‐(2,5-­‐Dimethyl-­‐1,4-­‐phenylene)bis(2-­‐(chloromethyl)thiophene)	
  (36)	
  
	
  

	
  

Oxalyl	
  chloride	
  (35.00	
  mmol,	
  4.52	
  g)	
  was	
  added	
  to	
  75.00	
  ml	
  of	
  anhydrous	
  THF,	
  the	
  reaction	
  

medium	
  was	
  cooled	
  down	
  to	
  0	
  °C	
  and	
  DMF	
  (35.00	
  mmol,	
  2.56	
  g)	
  was	
  added	
  to	
  the	
  solution	
  

drop	
  wise.	
  The	
  reaction	
  mixture	
  was	
  warmed	
  up	
  slowly	
  and	
  stirred	
  at	
  room	
  temperature	
  for	
  

additional	
  15	
  min.	
  The	
  reaction	
  mixture	
  was	
  again	
  cooled	
  down	
  to	
  0	
  °C.	
  33	
  (4.45	
  mmol,	
  1.47	
  

g)	
  was	
  added	
  and	
  the	
  solution	
  was	
  stirred	
  over	
  night.	
  After	
  stripping	
  off	
  the	
  volatiles,	
  water	
  

was	
  added.	
  The	
  resulting	
  yellow	
  precipitate	
  was	
  filtered	
  and	
  washed	
  with	
  water.	
  (yield:	
  1.38	
  

g,	
  84	
  %).	
  	
  

1H	
  NMR	
  (600	
  MHz,	
  CDCl3:	
  δ	
  7.35	
  (s,	
  2H,	
  H1),	
  7.23	
  (d,	
  J=	
  3.8	
  Hz,	
  2H,	
  H5),	
  7.10	
  (d,	
  J=	
  3.8	
  Hz,	
  2H,	
  

H6),	
  5.07	
  (s,	
  4H,	
  H8),	
  2.38	
  (s,	
  6H,	
  H9)	
  ppm.	
  	
  

13C	
  NMR	
  (151	
  MHz,	
  CDCl3:	
  δ	
  143.2	
  (C7),	
  140.2	
  (C4),	
  132.9	
  (C2),	
  132.7	
  (C3),	
  132.2	
  (C1),	
  128.9	
  

(C6),	
  126.7	
  (C5),	
  40.8	
  (C8),	
  20.3	
  (C9)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  2954,	
  2922,	
  2853,	
  1664,	
  1450,	
  1227,	
  802,	
  669.	
  	
  

Elemental	
  analysis:	
  C18H16Cl2S2	
  (367.36	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  58.85	
  %	
   H:	
  4.39	
  %	
   S:	
  17.46	
  %	
  

Found	
   	
   :	
   	
   C:	
  59.57	
  %	
  	
   H:	
  4.70	
  %	
   S:	
  16.04	
  %	
  

	
  



Experimental	
  	
  

173	
  
	
  

5.3.29	
  Synthesis	
  of	
  Tris(4-­‐(5-­‐(chloromethyl)thiophen-­‐2-­‐yl)phenyl)amine	
  (37)	
  

	
  

Oxalyl	
   chloride	
   (10.31	
   mmol,	
   1.31	
   g)	
   was	
   added	
   to	
   30.00	
   ml	
   of	
   freshly	
   distilled	
   THF,	
   the	
  

solution	
  was	
  cooled	
  down	
  to	
  0	
  °C	
  and	
  DMF	
  (10.31	
  mmol,	
  0.75	
  g)	
  was	
  drop	
  wise.	
  The	
  reaction	
  

mixture	
  was	
  warmed	
  up	
  slowly	
  and	
  stirred	
  at	
  room	
  temperature	
  for	
  additional	
  15	
  min.	
  The	
  

reaction	
  mixture	
  was	
  again	
  cooled	
  down	
  to	
  0	
  °C.	
  34	
  (0.50	
  g,	
  0.86	
  mmol)	
  was	
  added	
  and	
  the	
  

mixture	
   was	
   stirred	
   over	
   night.	
   After	
   stripping	
   off	
   the	
   volatiles,	
   water	
   was	
   added.	
   The	
  

resulting	
  dark	
  red	
  precipitate	
  was	
  filtered	
  and	
  washed	
  with	
  water.	
  (yield:	
  0.45	
  g,	
  81	
  %).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  7.57	
  (d,	
  J=	
  7.6	
  Hz,	
  6H,	
  H2),	
  7.28	
  (s,	
  3H,	
  H6),	
  7.17	
  (s,	
  3H,	
  H7),	
  

7.06	
  (d,	
  J=	
  7.6	
  Hz,	
  6H,	
  H3),	
  5.03	
  (s,	
  6H,	
  H9)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
   (CD3)2SO):	
  δ	
  146.1	
   (C1),	
  144.6	
   (C8),	
  139.0	
   (C5),	
  129.8	
   (C7),	
  128.4	
   (C4),	
  

126.7	
  (C3),	
  124.2	
  (C2),	
  122.7	
  (C6),	
  41.1	
  (C9)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  3027,	
  2924,	
  1507,	
  1255,	
  796,	
  657.	
  	
  

Elemental	
  analysis:	
  C33H24Cl3NS3	
  (637.10	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  62.21	
  %	
   H:	
  3.80	
  %	
   N:	
  2.20	
  %	
   S:	
  15.10	
  %	
  

Found	
   	
   :	
   	
   C:	
  61.78	
  %	
   H:	
  4.24	
  %	
   N:	
  2.01	
  %	
   S:	
  15.21	
  %	
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5.3.30	
  Synthesis	
  of	
  Tetraethyl-­‐((5,5`-­‐(1,4-­‐phenylene)bis(thiophene-­‐5,2-­‐diyl))	
  
bis(methylene))bis(phosphonate)	
  (38)	
  

	
  

0.50	
   g	
   (1.47	
  mmol)	
   of	
   35	
   were	
   placed	
   in	
   a	
   Schlenk	
   tube,	
   7.58	
   g	
   (44.10	
  mmol)	
   of	
   triethyl	
  

phosphite	
   were	
   added	
   and	
   the	
   reaction	
   medium	
   was	
   heated	
   to	
   120	
   °C	
   for	
   72	
   h	
   under	
  

continuous	
   stirring.	
   Then	
   all	
   volatiles	
  were	
   removed	
  under	
   vacuum.	
   The	
   remaining	
   yellow	
  

solid	
  was	
  washed	
  several	
  times	
  with	
  pentane	
  and	
  dried	
  at	
  ambient	
  conditions	
  (yield:	
  0.43	
  g,	
  

54	
  %).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  7.63	
  (s,	
  4H,	
  H1),	
  7.40	
  (d,	
  J=	
  3.6	
  Hz,	
  2H,	
  H4),	
  6.97	
  (t,	
  J=	
  3.6	
  Hz,	
  

2H,	
  H5),	
  4.02	
  (dq,	
  3JPH=	
  14.0	
  Hz,	
  3JHH=	
  7.0	
  Hz,	
  8H,	
  H8),	
  3.52	
  (d,	
  2JPH=	
  20.8	
  Hz,	
  4H,	
  H7),	
  1.22	
  (t,	
  

J=	
  7.0	
  Hz,	
  12H,	
  H9)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
  (CD3)2SO):	
  δ	
  141.7	
  (d,	
  5JPC=	
  4.2	
  Hz,	
  C3),	
  133.3	
  (d,	
  2JPC=	
  10.8	
  Hz,	
  C6),	
  132.7	
  

(s,	
  C2),	
  128.8	
  (d,	
  3JPC=	
  9.1	
  Hz,	
  C5),	
  125.6	
  (s,	
  C1),	
  123.5	
  (d,	
  4JPC=	
  3.4	
  Hz,	
  C4),	
  61.7	
  (d,	
  2JPC=	
  6.5	
  

Hz,	
  C8),	
  27.1	
  (d,	
  1JPC=	
  139.9	
  Hz,	
  C7),	
  16.2	
  (d,	
  3JPC=	
  5.6	
  Hz,	
  C9)	
  ppm.	
  	
  

31P	
  NMR	
  (162	
  MHz,	
  (CD3)2SO):	
  δ	
  24.35	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  3069,	
  2931,	
  1443,	
  1163,	
  1021,	
  952,	
  712.	
  	
  

Elemental	
  analysis:	
  C24H32O6P2S2	
  (542.58	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  53.13	
  %	
   H:	
  5.94	
  %	
   S:	
  11.82	
  %	
  

Found	
   	
   :	
   	
   C:	
  54.53	
  %	
  	
   H:	
  5.47	
  %	
   S:	
  12.97	
  %	
  

	
  



Experimental	
  	
  

175	
  
	
  

5.3.31	
  Synthesis	
  of	
  Tetraethyl-­‐((5,5`-­‐(2,5-­‐dimethyl-­‐1,4-­‐phenylene)bis(thiophene-­‐5,2-­‐
diyl))bis(methylene))bis(phosphonate)	
  (39)	
  

	
  

0.50	
   g	
   (1.36	
   mmol)	
   36	
   were	
   placed	
   in	
   a	
   Schlenk	
   tube,	
   6.81	
   g	
   (41.00	
   mmol)	
   of	
   triethyl	
  

phosphite	
   were	
   added	
   and	
   the	
   reaction	
   mixture	
   was	
   heated	
   to	
   120	
   °C	
   for	
   72	
   h	
   under	
  

continuous	
   stirring.	
   Then	
   all	
   volatiles	
  were	
   removed	
  under	
   vacuum.	
   The	
   remaining	
   yellow	
  

solid	
  was	
  washed	
  several	
  times	
  with	
  pentane	
  and	
  dried	
  at	
  ambient	
  conditions	
  (yield:	
  0.40	
  g.	
  

51	
  %).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  7.31	
  (s,	
  2H,	
  H1),	
  7.09	
  (d,	
  J=	
  3.6	
  Hz,	
  2H,	
  H5),	
  6.99	
  (t,	
  J=	
  3.6	
  Hz,	
  

2H,	
  H6),	
  4.02	
  (dq,	
  3JPH=	
  14.1,	
  2JHH=	
  7.1	
  Hz,	
  8H,	
  H9),	
  3.52	
  (d,	
  2JPH=	
  20.8	
  Hz,	
  4H,	
  H8),	
  2.38	
  (s,	
  6H,	
  

H11),	
  1.22	
  (t,	
  J=	
  7.0	
  Hz,	
  12H,	
  H10)	
  ppm.	
  	
  

13C	
  NMR	
  (151	
  MHz,	
  (CD3)2SO):	
  δ	
  140.7	
  (d,	
  5JPC=	
  3.5	
  Hz,	
  C4),	
  133.5	
  (d,	
  2JPC=	
  10.2	
  Hz,	
  C7),	
  132.7	
  

(s,	
  C2),	
  132.7	
  (s,	
  C3),	
  132.0	
  (s,	
  C1),	
  127.8	
  (d,	
  3JPC=	
  9.0	
  Hz,	
  C6),	
  126.6	
  (d,	
  4JPC=	
  2.3	
  Hz,	
  C5),	
  61.7	
  

(d,	
  2JPC=	
  6.2	
  Hz,	
  C9),	
  26.8	
  (d,	
  1JPC=	
  135.9	
  Hz,	
  C8),	
  20.4	
  (s,	
  C11),	
  16.2	
  (d,	
  3JPC=	
  5.7	
  Hz,	
  C10)	
  ppm.	
  	
  

31P	
  NMR	
  (162	
  MHz,	
  (CD3)2SO):	
  δ	
  24.48	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  3062,	
  2905,	
  1436,	
  1246,	
  1182,	
  1151,	
  1019,	
  959,	
  699.	
  	
  

Elemental	
  analysis:	
  C26H36O6P2S2	
  (570.64	
  g/mol)	
  

Calculated	
   :	
   	
  	
   C:	
  54.72	
  %	
   H:	
  6.36	
  %	
   S:	
  11.24	
  %	
  

Found	
   	
   :	
   	
   C:	
  54.62	
  %	
  	
   H:	
  6.25	
  %	
   S:	
  11.23	
  %	
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5.3.32	
   Synthesis	
   of	
   Hexaethyl	
   ((5,5`,5``-­‐(nitrilotris(benzene-­‐4,1-­‐diyl))tris(thiophene-­‐5,2-­‐
diyl))tris(methylene)tris(phosphonate)	
  (40)	
  

	
  

0.20	
   g	
   (0.31	
  mmol)	
   of	
   37	
   were	
   placed	
   in	
   a	
   Schlenk	
   tube,	
   3.39	
   g	
   (13.95	
  mmol)	
   of	
   triethyl	
  

phosphite	
   were	
   added	
   and	
   the	
   reaction	
   medium	
   was	
   heated	
   to	
   120	
   °C	
   for	
   72	
   h	
   under	
  

continuous	
   stirring.	
   Then	
   all	
   volatiles	
  were	
   removed	
  under	
   vacuum.	
   The	
   remaining	
   yellow	
  

solid	
  was	
  washed	
  several	
  times	
  with	
  pentane	
  and	
  dried	
  under	
  vacuum	
  (yield:	
  0.16	
  g,	
  55	
  %).	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  (CD3)2SO):	
  δ	
  7.55	
  (d,	
  J=	
  8.5	
  Hz,	
  6H,	
  H2),	
  7.27	
  (d,	
  J=	
  3.4	
  Hz,	
  3H,	
  H6),	
  7.07	
  

(d,	
  J=	
  8.5	
  Hz,	
  6H,	
  H3),	
  6.95	
  –	
  6.93	
  (m,	
  3H,	
  H7),	
  4.04	
  –	
  3.96	
  (m,	
  12H,	
  H10),	
  3.50	
  (d,	
  2JPH=	
  20.8	
  

Hz,	
  6H,	
  H9),	
  1.21	
  (t,	
  J=	
  7.1	
  Hz,	
  18H,	
  H11)	
  ppm.	
  	
  

13C	
  NMR	
  (101	
  MHz,	
   (CD3)2SO):	
  δ	
  145.8	
   (C1),	
  142.0	
   (C8),	
  136.8	
   (C5),	
  132.6	
   (C5),	
  128.7	
   (C4),	
  

126.3	
  (C3),	
  124.2	
  (C2),	
  122.7	
  (C6),	
  61.7	
  (d,	
  2JPC=	
  6.4	
  Hz,	
  C10),	
  27.0	
  (d,	
  1JPC=	
  139.6	
  Hz,	
  C9),	
  16.3	
  

(d,	
  3JPC=	
  5.6	
  Hz,	
  C11)	
  ppm.	
  	
  

IR	
  (ATR,	
  cm-­‐1):	
  ν	
  	
  	
  2958,	
  2541,	
  1658,	
  1533,	
  1441,	
  1263,	
  734.	
  	
  

Elemental	
  analysis:	
  C45H54NO9P3S3	
  (942.03	
  g/mol)	
  	
  

Calculated	
   :	
   	
  	
   C:	
  57.37	
  %	
   H:	
  5.78	
  %	
   N:	
  1.49	
  %	
   S:	
  10.21	
  %	
  

Found	
   	
   :	
   	
   C:	
  58.96	
  %	
   H:	
  4.91	
  %	
   N:	
  1.80	
  %	
   S:	
  12.09	
  %	
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5.4	
  Synthesis	
  of	
  the	
  MOFs	
  

5.4.1	
  Synthesis	
  of	
  ZnBrBPDC	
  	
  
	
  

0.48	
  g	
  (1.20	
  mmol)	
  of	
  2	
  and	
  1.80	
  g	
  (6.90	
  mmol)	
  of	
  Zn(NO3)2⋅(H2O)4	
  were	
  dissolved	
  in	
  a	
  125	
  

ml-­‐PP-­‐bottle	
  containing	
  100.00	
  ml	
  of	
  DMF	
  and	
  the	
  mixture	
  was	
  stirred	
  for	
  30	
  min.	
  Then	
  the	
  

bottle	
  was	
  closed	
  tightly	
  and	
  placed	
  for	
  36	
  h	
  in	
  an	
  oven	
  at	
  a	
  temperature	
  of	
  100	
  °C	
  yielding	
  

cubic	
  crystals.	
  After	
  cooling	
  to	
  room	
  temperature,	
  the	
  crystals	
  were	
  filtered	
  off	
  and	
  washed	
  

three	
   times	
   with	
   anhydrous	
   acetone.	
   Due	
   to	
   the	
   instability	
   of	
   this	
   MOF	
   under	
   ambient	
  

conditions,	
  the	
  crystals	
  were	
  soaked	
  and	
  kept	
  in	
  DMF.	
  	
  

Elemental	
  analysis:	
  C42H18Br6O13Zn4⋅(DMF)6.30⋅(H2O)0.30⋅(C14H6Br2O4)0.70	
  

Calculated	
   :	
   	
  	
   C:	
  38.30	
  %	
   H:	
  3.10	
  %	
   N:	
  3.98	
  %	
   	
   	
  

Found	
   	
   :	
   	
   C:	
  38.75	
  %	
   H:	
  3.56	
  %	
   N:	
  3.53	
  %	
   	
  

	
  

5.4.2	
  Synthesis	
  of	
  ZnNO2BPDC	
  	
  
	
  

0.41	
  g	
  (1.23	
  mmol)	
  of	
  4	
  and	
  0.90	
  g	
  (3.45	
  mmol)	
  of	
  Zn(NO3)2⋅(H2O)4	
  were	
  dissolved	
  in	
  a	
  60	
  ml-­‐

PP-­‐bottle	
   containing	
   35.00	
  ml	
   of	
   DMF	
   and	
   the	
  mixture	
   was	
   stirred	
   for	
   30	
   min.	
   Then	
   the	
  

bottle	
  was	
  closed	
  tightly	
  and	
  placed	
  for	
  48	
  h	
  in	
  an	
  oven	
  at	
  a	
  temperature	
  of	
  100	
  °C	
  yielding	
  

cubic	
  crystals.	
  During	
  the	
  synthesis,	
  the	
  bottle	
  had	
  to	
  be	
  shaken	
  periodically.	
  After	
  cooling	
  to	
  

room	
   temperature,	
   the	
   crystals	
  were	
   filtered	
   off	
   and	
  washed	
   three	
   times	
  with	
   anhydrous	
  

acetone.	
   Due	
   to	
   the	
   instability	
   of	
   this	
   MOF	
   under	
   ambient	
   conditions,	
   the	
   crystals	
   were	
  

soaked	
  and	
  kept	
  in	
  DMF.	
  	
  

Elemental	
  analysis:	
  C42H18N6O25Zn4⋅(DMF)0.80⋅(H2O)1.20	
  	
  

Calculated	
   :	
   	
  	
   C:	
  39.55	
  %	
   H:	
  1.94	
  %	
   N:	
  7.06	
  %	
   	
   	
  

Found	
   	
   :	
   	
   C:	
  39.56	
  %	
   H:	
  1.95	
  %	
   N:	
  7.04	
  %	
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5.4.3	
  Synthesis	
  of	
  ZnNH2BPDC	
  
	
  

	
  0.34	
  g	
  (1.23	
  mmol)	
  of	
  6	
  and	
  0.90	
  g	
  (3.45	
  mmol)	
  of	
  Zn(NO3)2⋅(H2O)4	
  were	
  dissolved	
  in	
  a	
  60	
  ml-­‐

PP-­‐bottle	
   containing	
   35.00	
  ml	
   of	
   DMF	
   and	
   the	
  mixture	
   was	
   stirred	
   for	
   30	
   min.	
   Then	
   the	
  

bottle	
  was	
  closed	
  tightly	
  and	
  placed	
  for	
  48	
  h	
  in	
  an	
  oven	
  at	
  a	
  temperature	
  of	
  100	
  °C	
  yielding	
  

cubic	
  crystals.	
  During	
  the	
  synthesis,	
  the	
  bottle	
  had	
  to	
  be	
  shaken	
  periodically.	
  After	
  cooling	
  to	
  

room	
   temperature,	
   the	
   crystals	
  were	
   filtered	
   off	
   and	
  washed	
   three	
   times	
  with	
   anhydrous	
  

acetone.	
   Due	
   to	
   the	
   instability	
   of	
   this	
   MOF	
   under	
   ambient	
   conditions,	
   the	
   crystals	
   were	
  

soaked	
  and	
  kept	
  in	
  DMF.	
  	
  

Elemental	
  analysis:	
  C42H30N6O13Zn4⋅(DMF)1.00⋅(H2O)0.35⋅(C14H12N2O4)0.15	
  

Calculated	
   :	
   	
  	
   C:	
  46.35	
  %	
   H:	
  2.78	
  %	
   N:	
  7.72	
  %	
   	
   	
  

Found	
   	
   :	
   	
   C:	
  47.04	
  %	
   H:	
  3.49	
  %	
   N:	
  8.26	
  %	
   	
  

	
  

5.4.4	
  Synthesis	
  of	
  ZnAcBPDC	
  
	
  

	
  0.02	
  g	
  (0.056	
  mmol)	
  of	
  8	
  and	
  0.125	
  g	
  (0.48	
  mmol)	
  of	
  Zn(NO3)2⋅(H2O)4	
  were	
  dissolved	
  in	
  a	
  15	
  

ml	
  glass	
  vial	
  containing	
  4.00	
  ml	
  of	
  DMF	
  and	
  the	
  mixture	
  was	
  stirred	
  for	
  10	
  min.	
  Then	
  the	
  vial	
  

was	
   closed	
   tightly	
   and	
   placed	
   for	
   24	
   h	
   in	
   an	
   oven	
   at	
   a	
   temperature	
   of	
   100	
   °C	
   yielding	
  

colorless	
  cubic	
  crystals.	
  After	
  cooling	
  to	
  room	
  temperature,	
  the	
  crystals	
  were	
  filtered	
  off	
  and	
  

washed	
   three	
   times	
   with	
   anhydrous	
   acetone.	
   Due	
   to	
   the	
   instability	
   of	
   this	
   MOF	
   under	
  

ambient	
  conditions,	
  the	
  crystals	
  were	
  soaked	
  and	
  kept	
  in	
  DMF.	
  	
  

Elemental	
  analysis:	
  C54H42N6O19Zn4·∙	
  (DMF)15.7·∙	
  (H2O)4.40	
  

Calculated	
   :	
   	
  	
   C:	
  47.30	
  %	
   H:	
  6.31	
  %	
   N:	
  11.84	
  %	
   	
   	
  

Found	
   	
   :	
   	
   C:	
  47.21	
  %	
   H:	
  6.22	
  %	
   N:	
  11.93	
  %	
   	
  

	
  

5.4.5	
  Synthesis	
  of	
  ZnPrBPDC	
  
	
  

	
  0.02	
  g	
  (0.052	
  mmol)	
  of	
  10	
  and	
  0.149	
  g	
  (0.52	
  mmol)	
  of	
  Zn(NO3)2⋅(H2O)4	
  were	
  dissolved	
  in	
  a	
  15	
  

ml	
  glass	
  vial	
  containing	
  4.00	
  ml	
  DMF	
  and	
  the	
  mixture	
  was	
  stirred	
  for	
  10	
  min.	
  Then	
  the	
  vial	
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was	
   closed	
   tightly	
   and	
   placed	
   for	
   48	
   h	
   in	
   an	
   oven	
   at	
   a	
   temperature	
   of	
   100	
   °C	
   yielding	
  

colorless	
  cubic	
  crystals.	
  After	
  cooling	
  to	
  room	
  temperature,	
  the	
  crystals	
  were	
  filtered	
  off	
  and	
  

washed	
   three	
   times	
   with	
   anhydrous	
   acetone.	
   Due	
   to	
   the	
   instability	
   of	
   this	
   MOF	
   under	
  

ambient	
  conditions,	
  the	
  crystals	
  were	
  soaked	
  and	
  kept	
  in	
  DMF.	
  	
  

Elemental	
  analysis:	
  C60H54N6O19Zn4⋅(DMF)26.00⋅(H2O)9.20	
  

Calculated	
   :	
   	
  	
   C:	
  47.48	
  %	
   H:	
  7.35	
  %	
   N:	
  12.84	
  %	
   	
   	
  

Found	
   	
   :	
   	
   C:	
  47.59	
  %	
   H:	
  7.46	
  %	
   N:	
  12.73	
  %	
   	
  

	
  

5.4.6	
  Synthesis	
  of	
  ZnBuBPDC	
  
	
  

	
  0.02	
  g	
  (0.048	
  mmol)	
  of	
  12	
  and	
  0.125	
  g	
  (0.48	
  mmol)	
  of	
  Zn(NO3)2⋅(H2O)4	
  were	
  dissolved	
  in	
  	
  a	
  

15	
  ml	
  glass	
  vial	
  containing	
  4.00	
  ml	
  of	
  DMF	
  and	
  the	
  mixture	
  was	
  stirred	
  for	
  10	
  min.	
  Then	
  the	
  

vial	
  was	
  closed	
   tightly	
  and	
  placed	
   for	
  24	
  h	
   in	
  an	
  oven	
  at	
  a	
   temperature	
  of	
  100	
   °C	
  yielding	
  

colorless	
  cubic	
  crystals.	
  After	
  cooling	
  to	
  room	
  temperature,	
  the	
  crystals	
  were	
  filtered	
  off	
  and	
  

washed	
   three	
   times	
   with	
   anhydrous	
   acetone.	
   Due	
   to	
   the	
   instability	
   of	
   this	
   MOF	
   under	
  

ambient	
  conditions,	
  the	
  crystals	
  were	
  soaked	
  and	
  kept	
  in	
  DMF.	
  

Elemental	
  analysis:	
  C66H66N6O19Zn4·∙	
  (DMF)24.25·∙	
  (H2O)4.15	
  

Calculated	
   :	
   	
  	
   C:	
  49.66	
  %	
   H:	
  7.33	
  %	
   N:	
  12.62	
  %	
   	
   	
  

Found	
   	
   :	
   	
   C:	
  49.77	
  %	
   H:	
  7.45	
  %	
   N:	
  12.51	
  %	
   	
  

	
  

5.4.7	
  Synthesis	
  of	
  ZnPeBPDC	
  
	
  	
  

0.02	
  g	
  (0.045	
  mmol)	
  of	
  14	
  and	
  0.153	
  g	
  (0.58	
  mmol)	
  of	
  Zn(NO3)2⋅(H2O)4	
  were	
  dissolved	
  in	
  a	
  15	
  

ml	
  glass	
  vial	
  containing	
  4.00	
  ml	
  of	
  DMF	
  and	
  the	
  mixture	
  was	
  stirred	
  for	
  10	
  min.	
  Then	
  the	
  vial	
  

was	
   closed	
   tightly	
   and	
   placed	
   for	
   48	
   h	
   in	
   an	
   oven	
   at	
   a	
   temperature	
   of	
   100	
   °C	
   yielding	
  

colorless	
  cubic	
  crystals.	
  After	
  cooling	
  to	
  room	
  temperature,	
  the	
  crystals	
  were	
  filtered	
  off	
  and	
  

washed	
   three	
   times	
   with	
   anhydrous	
   acetone.	
   Due	
   to	
   the	
   instability	
   of	
   this	
   MOF	
   under	
  

ambient	
  conditions,	
  the	
  crystals	
  were	
  soaked	
  and	
  kept	
  in	
  DMF.	
  

Elemental	
  analysis:	
  C72H78N6O19Zn4·∙	
  (DMF)23.10·∙	
  (H2O)9.70	
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Calculated	
   :	
   	
  	
   C:	
  49.10	
  %	
   H:	
  7.56	
  %	
   N:	
  11.79	
  %	
   	
   	
  

Found	
   	
   :	
   	
   C:	
  49.03	
  %	
   H:	
  7.48	
  %	
   N:	
  11.87	
  %	
   	
  

	
  

5.5	
  Immobilization	
  of	
  Phosphonate	
  Derivatives	
  on	
  ZrO2,	
  TiO2	
  and	
  Al2O3	
  

5.5.1	
  General	
  Procedure	
  for	
  the	
  immobilization	
  of	
  38	
  and	
  39	
  
160.00	
  mg	
  of	
  the	
  phosphonate	
  derivative	
  and	
  1.00	
  g	
  of	
  carrier	
  were	
  mixed	
  in	
  a	
  Schlenk	
  tube	
  

containing	
   45	
  ml	
   of	
   dichloromethane.	
   The	
   reaction	
  mixture	
  was	
   stirred	
   for	
   24	
   h	
   at	
   room	
  

temperature.	
   The	
   resulting	
   solid	
   was	
   filtered	
   off	
   and	
   washed	
   with	
   dichloromethane,	
  

methanol	
  and	
  diethyl	
  ether.	
  All	
  materials	
  were	
  dried	
  for	
  10	
  h	
  at	
  50°C.	
  	
  	
  	
  	
  	
  

	
  

Elemental	
  analysis:	
  C24H32O6P2S2	
  (542.58	
  g/mol)	
  on	
  ZrO2	
  

Found	
   	
   :	
   	
   C:	
  1.01	
  %	
  	
   H:	
  0.60	
  %	
   S:	
  0.76	
  %	
  

	
  

	
  

Elemental	
  analysis:	
  C24H32O6P2S2	
  (542.58	
  g/mol)	
  on	
  TiO2	
  

Found	
   	
   :	
   	
   C:	
  0.79	
  %	
  	
   H:	
  0.39	
  %	
   S:	
  0.42	
  %	
  

	
  

	
  

Elemental	
  analysis:	
  C24H32O6P2S2	
  (542.58	
  g/mol)	
  on	
  Al2O3	
  

Found	
   	
   :	
   	
   C:	
  1.04	
  %	
  	
   H:	
  0.75	
  %	
   S:	
  0.37	
  %	
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Elemental	
  Analysis:	
  C26H36O6P2S2	
  (570.64	
  g/mol)	
  on	
  ZrO2	
  

Found	
   	
   :	
   	
   C:	
  1.09	
  %	
  	
   H:	
  0.48	
  %	
   S:	
  0.45	
  %	
  

	
  

	
  

Elemental	
  Analysis:	
  C26H36O6P2S2	
  (570.64	
  g/mol)	
  on	
  TiO2	
  

Found	
   	
   :	
   	
   C:	
  1.03	
  %	
  	
   H:	
  0.39	
  %	
   S:	
  0.38	
  %	
  

	
  

	
  

Elemental	
  Analysis:	
  C26H36O6P2S2	
  (570.64	
  g/mol)	
  on	
  Al2O3	
  

Found	
   	
   :	
   	
   C:	
  1.18	
  %	
  	
   H:	
  0.85	
  %	
   S:	
  0.31	
  %	
  

	
  

5.5.2	
  General	
  Procedure	
  for	
  the	
  immobilization	
  of	
  40	
  
	
  

80.00	
  mg	
   of	
  40	
   and	
   1.00	
   g	
   of	
   the	
   carrier	
  were	
  mixed	
   in	
   a	
   Schlenk	
   tube	
   containing	
   45	
  ml	
  

dichloromethane.	
   The	
   reaction	
   mixture	
   was	
   stirred	
   for	
   24	
   h	
   at	
   room	
   temperature.	
   The	
  

resulting	
   solid	
  was	
   filtered	
  off,	
  washed	
  with	
  dichloromethane,	
  methanol	
   and	
  diethyl	
   ether	
  

and	
  dried	
  for	
  10	
  h	
  at	
  50°C.	
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Elemental	
  analysis:	
  C45H54NO9P3S3	
  (942.03	
  g/mol)	
  on	
  ZrO2	
  

Found	
   	
   :	
   	
   C:	
  1.60	
  %	
   H:	
  0.56	
  %	
   N:	
  0.11	
  %	
   S:	
  0.75	
  %	
  

	
  

	
  

Elemental	
  analysis:	
  C45H54NO9P3S3	
  (942.03	
  g/mol)	
  on	
  TiO2	
  

Found	
   	
   :	
   	
   C:	
  1.31	
  %	
   H:	
  0.56	
  %	
   N:	
  0.12	
  %	
   S:	
  0.33	
  %	
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Elemental	
  analysis:	
  C45H54NO9P3S3	
  (942.03	
  g/mol)	
  on	
  Al2O3	
  

Found	
   	
   :	
   	
   C:	
  1.67	
  %	
   H:	
  0.76	
  %	
   N:	
  0.24	
  %	
   S:	
  0.35	
  %	
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Appendix	
  	
  
Crystal	
  Structure	
  of	
  2	
  
	
  
Empirical	
  formula	
   	
   	
   C16H12Br2O4	
  
Formula	
  weight	
   	
   	
   428.08	
  
Crystal	
  colour	
  and	
  habit	
   	
   	
   colorless	
  prism	
  
Crystal	
  size	
  (mm)	
   	
   	
   0.14	
  x	
  0.08	
  x	
  0.07	
  
Temperature	
  (K)	
   	
   	
   150(2)	
  
Wavelength	
  (Å)	
   	
   	
   1.54184	
  
Crystal	
  system	
   	
   	
   Monoclinic	
  
Space	
  group	
   	
   	
   C2/c	
  
Unit	
  cell	
  dimensions	
   	
   	
   a	
  =	
  14.6387(2)	
  Å	
   	
   α	
  =	
  90o	
  
	
   	
   	
   b	
  =	
  7.8118(1)	
  Å	
  	
   	
   β	
  =	
  91.772(1)o	
  
	
   	
   	
   c	
  =	
  13.5267(2)	
  Å	
   	
   γ	
  =	
  90o	
  
Volume	
  (Å3)	
   	
   	
   1546.10(4)	
  
Z	
   	
   	
   4	
  
Calculated	
  density	
  (Mg/m3)	
   	
   	
   1.839	
  
Absorption	
  coefficient	
  (mm-­‐1)	
   	
   6.794	
  
F(000)	
   	
   	
   840	
  
ϴ-­‐range	
  for	
  data	
  collection	
  (o)	
   	
   6.05/62.57	
  
Index	
  ranges	
   	
   	
   -­‐16	
  ≤	
  h	
  ≤	
  16,	
  -­‐8	
  ≤	
  k	
  ≤	
  8,	
  -­‐14	
  ≤	
  l	
  ≤	
  15	
  
Reflections	
  collected	
   	
   	
   6714	
  
Independent	
  reflections	
   	
   	
   1231	
  (Rint	
  =	
  0.0339)	
  
Completeness	
  to	
  ϴ	
  =	
  62.57o	
   	
   	
   99.7	
  %	
  
Absorption	
  correction	
   	
   	
   Semi-­‐empirical	
  from	
  equivalents	
  (Multiscan)	
  
Max.	
  and	
  min.	
  transmission	
   	
   	
   1.00000	
  and	
  0.21673	
  
Refinement	
  method	
   	
   	
   Full-­‐matrix	
  least-­‐squares	
  on	
  F2	
  
Data/restraints/parameters	
   	
   	
   1231/0/101	
  
Goodness-­‐of-­‐fit	
  on	
  F2	
   	
   	
   1.087	
  
Final	
  R	
  indices	
  [I>2ϴ(I)]	
   	
   	
   R1	
  =	
  0.0244,	
  wR2	
  =	
  0.0649	
  
R	
  indices	
  (all	
  data)	
   	
   	
   R1	
  =	
  0.0280,	
  wR2	
  =	
  0.0654	
  
Largest	
  diff.	
  Peak	
  and	
  hole	
  (e·∙Å-­‐3)	
   	
   0.479/-­‐0.478	
  
	
  
	
  
Crystal	
  Structure	
  of	
  4	
  
	
  
Empirical	
  formula	
   	
   	
   C16H12N2O8	
  
Formula	
  weight	
   	
   	
   360.28	
  
Crystal	
  colour	
  and	
  habit	
   	
   	
   yellow	
  prism	
  
Crystal	
  size	
  (mm)	
   	
   	
   0.31	
  x	
  0.13	
  x	
  0.04	
  
Temperature	
  (K)	
   	
   	
   150(2)	
  
Wavelength	
  (Å)	
   	
   	
   1.54184	
  
Crystal	
  system	
   	
   	
   Triclinic	
  
Space	
  group	
   	
   	
   P-­‐1	
  
Unit	
  cell	
  dimensions	
   	
   	
   a	
  =	
  8.0903(5)	
  Å	
   	
   α	
  =	
  107.890(7)o	
  
	
   	
   	
   b	
  =	
  10.5348(7)	
  Å	
   	
   β	
  =	
  112.174(7)o	
  
	
   	
   	
   c	
  =	
  10.6123(9)	
  Å	
   	
   γ	
  =	
  95.514(5)o	
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Volume	
  (Å3)	
   	
   	
   773.68(12)	
  
Z	
   	
   	
   2	
  
Calculated	
  density	
  (Mg/m3)	
   	
   	
   1.547	
  
Absorption	
  coefficient	
  (mm-­‐1)	
   	
   1.092	
  
F(000)	
   	
   	
   372	
  
ϴ	
  -­‐range	
  for	
  data	
  collection	
  (o)	
   	
   4.54/62.58	
  
Index	
  ranges	
   	
   	
   -­‐7	
  ≤	
  h	
  ≤	
  9,	
  -­‐12	
  ≤	
  k	
  ≤	
  11,	
  -­‐12	
  ≤	
  l	
  ≤	
  11	
  
Reflections	
  collected	
   	
   	
   4366	
  
Independent	
  reflections	
   	
   	
   2450	
  (Rint	
  =	
  0.0168)	
  
Completeness	
  to	
  ϴ	
  =	
  62.58o	
   	
   	
   99.1	
  %	
  
Absorption	
  correction	
   	
   	
   Semi-­‐empirical	
  from	
  equivalents	
  (Multiscan)	
  
Max.	
  and	
  min.	
  transmission	
   	
   	
   1.00000	
  and	
  0.80092	
  
Refinement	
  method	
   	
   	
   Full-­‐matrix	
  least-­‐squares	
  on	
  F2	
  
Data/restraints/parameters	
   	
   	
   2450/0/237	
  
Goodness-­‐of-­‐fit	
  on	
  F2	
   	
   	
   1.073	
  
Final	
  R	
  indices	
  [I>2ϴ	
  (I)]	
   	
   	
   R1	
  =	
  0.0363,	
  wR2	
  =	
  0.1004	
  
R	
  indices	
  (all	
  data)	
   	
   	
   R1	
  =	
  0.0421,	
  wR2	
  =	
  0.1041	
  
Largest	
  diff.	
  peak	
  and	
  hole	
  (e·∙Å-­‐3)	
   0.231/-­‐0.296	
  
 
Crystal	
  Structure	
  of	
  6	
  
 
Empirical	
  formula	
  	
   C16H16N2O4	
  
Formula	
  weight	
  	
   300.31	
  
Temperature	
  	
   150(2)	
  K	
  
Wavelength	
  	
   1.54184	
  Å	
  
Crystal	
  system	
  	
   Monoclinic	
  
Space	
  group	
  	
   C2/c	
  
Unit	
  cell	
  dimensions	
   a	
  =	
  17.6766(22)	
  Å	
   α=	
  90°.	
  
	
   b	
  =	
  10.2098(9)	
  Å	
   β=	
  111.115(14)°.	
  
	
   c	
  =	
  8.4922(11)	
  Å	
   γ	
  =	
  90°.	
  
Volume	
   1429.7(3)	
  Å3	
  
Z	
   4	
  
Density	
  (calculated)	
   1.395	
  Mg/	
  m3	
  
Absorption	
  coefficient	
   0.842	
  mm-­‐1	
  
F(000)	
   632	
  
Crystal	
  colour	
  and	
  habit	
   colorless	
  needle	
  
Crystal	
  size	
   0.23	
  x	
  0.08	
  x	
  0.07	
  m	
  m3	
  
ϴ	
  range	
  for	
  data	
  collection	
   5.10	
  to	
  62.63°.	
  
Index	
  ranges	
   -­‐14<=h<=20,	
  -­‐11<=k<=11,	
  -­‐9<=l<=9	
  
Reflections	
  collected	
   4508	
  
Independent	
  reflections	
   1150	
  [R(int)	
  =	
  0.0242]	
  
Completeness	
  to	
  ϴ	
  =	
  62.63°	
   99.8	
  %	
  	
  
Max.	
  and	
  min.	
  transmission	
   1.00000	
  and	
  0.85065	
  
Refinement	
  method	
   Full-­‐matrix	
  least-­‐squares	
  on	
  F2	
  
Data	
  /	
  restraints	
  /	
  parameters	
   1150	
  /	
  2	
  /	
  107	
  
Goodness-­‐of-­‐fit	
  on	
  F2	
   1.116	
  
Final	
  R	
  indices	
  [I>2ϴ(I)]	
   R1	
  =	
  0.0550,	
  wR2	
  =	
  0.1720	
  
R	
  indices	
  (all	
  data)	
   R1	
  =	
  0.0604,	
  wR2	
  =	
  0.1778	
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Largest	
  diff.	
  peak	
  and	
  hole	
   0.608	
  and	
  -­‐0.285	
  e.Å-­‐3	
  
	
  
Crystal	
  Structure	
  of	
  8 
Empirical	
  formula	
  	
   C20H20N2O6	
  
Formula	
  weight	
  	
   384.38	
  
Temperature	
  	
   150(2)	
  K	
  
Wavelength	
  	
   1.54184	
  Å	
  
Crystal	
  system	
  	
   Triclinic	
  
Space	
  group	
  	
   P-­‐1	
  
Unit	
  cell	
  dimensions	
   a	
  =	
  9.1530(3)	
  Å	
   α=	
  99.765(3)°.	
  
	
   b	
  =	
  10.5911(4)	
  Å	
   β=	
  90.142(3)°.	
  
	
   c	
  =	
  19.6888(7)	
  Å	
   γ	
  =	
  100.019(3)°.	
  
Volume	
   1851.29(11)	
  Å3	
  
Z	
   4	
  
Density	
  (calculated)	
   1.379	
  Mg/m3	
  
Absorption	
  coefficient	
   0.860	
  mm-­‐1	
  
F(000)	
   808	
  
Crystal	
  colour	
  and	
  habit	
   colorless	
  prism	
  
Crystal	
  size	
   0.27	
  x	
  0.23	
  x	
  0.18	
  m	
  m3	
  
ϴ	
  range	
  for	
  data	
  collection	
   4.30	
  to	
  62.69°.	
  
Index	
  ranges	
   -­‐10<=h<=10,	
  -­‐12<=k<=12,	
  -­‐22<=l<=17	
  
Reflections	
  collected	
   12958	
  
Independent	
  reflections	
   5908	
  [R(int)	
  =	
  0.0180]	
  
Completeness	
  to	
  ϴ	
  =	
  62.69°	
   99.4	
  %	
  	
  
Absorption	
  correction	
   Semi-­‐empirical	
  from	
  equivalents	
  (Multiscan)	
  
Max.	
  and	
  min.	
  transmission	
   1.00000	
  and	
  0.84757	
  
Refinement	
  method	
   Full-­‐matrix	
  least-­‐squares	
  on	
  F2	
  
Data	
  /	
  restraints	
  /	
  parameters	
   5908	
  /	
  0	
  /	
  514	
  
Goodness-­‐of-­‐fit	
  on	
  F2	
   1.077	
  
Final	
  R	
  indices	
  [I>2ϴ(I)]	
   R1	
  =	
  0.0415,	
  wR2	
  =	
  0.1173	
  
R	
  indices	
  (all	
  data)	
   R1	
  =	
  0.0468,	
  wR2	
  =	
  0.1210	
  
Extinction	
  coefficient	
   0.0037(3)	
  
Largest	
  diff.	
  peak	
  and	
  hole	
   0.447	
  and	
  -­‐0.439	
  e.	
  Å-­‐3	
  
	
  
Crystal	
  Structure	
  of	
  10 
Identification	
  code	
  	
   11243o	
  
Empirical	
  formula	
  	
   C22H24N2O6	
  
Formula	
  weight	
  	
   412.43	
  
Temperature	
  	
   150(2)	
  K	
  
Wavelength	
  	
   1.54184	
  Å	
  
Crystal	
  system	
  	
   Monoclinic	
  
Space	
  group	
  	
   P21/n	
  
Unit	
  cell	
  dimensions	
   a	
  =	
  11.6994(2)	
  Å	
   α=	
  90°.	
  
	
   b	
  =	
  9.6891(1)	
  Å	
   β=	
  104.427(2)°.	
  
	
   c	
  =	
  19.3321(3)	
  Å	
   γ	
  =	
  90°.	
  
Volume	
   2122.32(5)	
  Å3	
  
Z	
   4	
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Density	
  (calculated)	
   1.291	
  Mg/	
  m3	
  
Absorption	
  coefficient	
   0.785	
  mm-­‐1	
  
F(000)	
   872	
  
Crystal	
  colour	
  and	
  habit	
   Colorless	
  prism	
  
Crystal	
  size	
   0.29	
  x	
  0.22	
  x	
  0.17	
  mm3	
  
ϴ	
  range	
  for	
  data	
  collection	
   4.72	
  to	
  62.66°.	
  
Index	
  ranges	
   -­‐13<=h<=13,	
  -­‐11<=k<=10,	
  -­‐22<=l<=22	
  
Reflections	
  collected	
   14466	
  
Independent	
  reflections	
   3387	
  [R(int)	
  =	
  0.0253]	
  
Completeness	
  to	
  ϴ	
  =	
  62.66°	
   99.5	
  %	
  	
  
Absorption	
  correction	
   Semi-­‐empirical	
  from	
  equivalents	
  (Multiscan)	
  
Max.	
  and	
  min.	
  transmission	
   1.00000	
  and	
  0.70532	
  
Refinement	
  method	
   Full-­‐matrix	
  least-­‐squares	
  on	
  F2	
  
Data	
  /	
  restraints	
  /	
  parameters	
   3387	
  /	
  0	
  /	
  275	
  
Goodness-­‐of-­‐fit	
  on	
  F2	
   1.064	
  
Final	
  R	
  indices	
  [I>2ϴ(I)]	
   R1	
  =	
  0.0375,	
  wR2	
  =	
  0.1025	
  
R	
  indices	
  (all	
  data)	
   R1	
  =	
  0.0413,	
  wR2	
  =	
  0.1048	
  
Largest	
  diff.	
  peak	
  and	
  hole	
   0.199	
  and	
  -­‐0.244	
  e.	
  Å-­‐3	
  
	
  
Crystal	
  Structure	
  of	
  20	
  
 
Identification	
  code	
  	
   1179o	
  
Empirical	
  formula	
  	
   C24H26O4S2	
  
Formula	
  weight	
  	
   442.57	
  
Temperature	
  	
   150(2)	
  K	
  
Wavelength	
  	
   1.54184	
  Å	
  
Crystal	
  system	
  	
   Triclinic	
  
Space	
  group	
  	
   P-­‐1	
  
Unit	
  cell	
  dimensions	
   a	
  =	
  8.5601(5)	
  Å	
   α=	
  110.052(6)°.	
  
	
   b	
  =	
  11.8606(9)	
  Å	
   β=	
  90.591(5)°.	
  
	
   c	
  =	
  12.1527(6)	
  Å	
   γ=	
  108.776(6)°.	
  
Volume	
   1087.22(14)	
  Å3	
  
Z	
   2	
  
Density	
  (calculated)	
   1.352	
  Mg/	
  m3	
  
Absorption	
  coefficient	
   2.452	
  mm-­‐1	
  
F(000)	
   468	
  
Crystal	
  colour	
  and	
  habit	
   Yellow	
  plate	
  
Crystal	
  size	
   0.31	
  x	
  0.12	
  x	
  0.06	
  m	
  m3	
  
ϴ	
  range	
  for	
  data	
  collection	
   3.91	
  to	
  62.65°.	
  
Index	
  ranges	
   -­‐9<=h<=7,	
  -­‐13<=k<=13,	
  -­‐9<=l<=13	
  
Reflections	
  collected	
   6517	
  
Independent	
  reflections	
   3424	
  [R(int)	
  =	
  0.0226]	
  
Completeness	
  to	
  ϴ	
  =	
  62.65°	
   98.7	
  %	
  	
  
Absorption	
  correction	
   Semi-­‐empirical	
  from	
  equivalents	
  (Multiscan)	
  
Max.	
  and	
  min.	
  transmission	
   1.00000	
  and	
  0.65446	
  
Refinement	
  method	
   Full-­‐matrix	
  least-­‐squares	
  on	
  F2	
  

Data	
  /	
  restraints	
  /	
  parameters	
   3424	
  /	
  0	
  /	
  273	
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Goodness-­‐of-­‐fit	
  on	
  F2	
   1.069	
  
Final	
  R	
  indices	
  [I>2ϴ(I)]	
   R1	
  =	
  0.0362,	
  wR2	
  =	
  0.1044	
  
R	
  indices	
  (all	
  data)	
   R1	
  =	
  0.0416,	
  wR2	
  =	
  0.1073	
  
Largest	
  diff.	
  peak	
  and	
  hole	
   0.350	
  and	
  -­‐0.178	
  e.Å-­‐3	
  

	
  
Crystal	
  Structure	
  of	
  21	
  
	
  
Identification	
  code	
  	
   1143o	
  
Empirical	
  formula	
  	
   C26H30O4S2	
  
Formula	
  weight	
  	
   470.62	
  
Temperature	
  	
   150(2)	
  K	
  
Wavelength	
  	
   1.54184	
  Å	
  
Crystal	
  system	
  	
   Monoclinic	
  
Space	
  group	
  	
   P21/n	
  
Unit	
  cell	
  dimensions	
   a	
  =	
  12.8645(3)	
  Å	
   α=	
  90°.	
  
	
   b	
  =	
  6.0509(1)	
  Å	
   β=	
  96.708(2)°.	
  
	
   c	
  =	
  15.8520(4)	
  Å	
   γ	
  =	
  90°.	
  
Volume	
   1225.50(5)	
  Å3	
  
Z	
   2	
  
Density	
  (calculated)	
   1.275	
  Mg/m3	
  
Absorption	
  coefficient	
   2.205	
  mm-­‐1	
  
F(000)	
   500	
  
Crystal	
  colour	
  and	
  habit	
   yellow	
  prism	
  
Crystal	
  size	
   0.14	
  x	
  0.08	
  x	
  0.07	
  mm3	
  
ϴ	
  range	
  for	
  data	
  collection	
   4.19	
  to	
  62.62°.	
  
Index	
  ranges	
   -­‐10<=h<=14,	
  -­‐6<=k<=6,	
  -­‐18<=l<=17	
  
Reflections	
  collected	
   7561	
  
Independent	
  reflections	
   1949	
  [R(int)	
  =	
  0.0221]	
  
Completeness	
  to	
  ϴ	
  =	
  62.62°	
   99.8	
  %	
  	
  
Absorption	
  correction	
   Semi-­‐empirical	
  from	
  equivalents	
  (Multiscan)	
  
Max.	
  and	
  min.	
  transmission	
   1.00000	
  and	
  0.38429	
  
Refinement	
  method	
   Full-­‐matrix	
  least-­‐squares	
  on	
  F2	
  
Data	
  /	
  restraints	
  /	
  parameters	
   1949	
  /	
  120	
  /	
  186	
  
Goodness-­‐of-­‐fit	
  on	
  F2	
   1.059	
  
Final	
  R	
  indices	
  [I>2ϴ(I)]	
   R1	
  =	
  0.0263,	
  wR2	
  =	
  0.0732	
  
R	
  indices	
  (all	
  data)	
   R1	
  =	
  0.0309,	
  wR2	
  =	
  0.0745	
  
Extinction	
  coefficient	
   0.0023(3)	
  
Largest	
  diff.	
  peak	
  and	
  hole	
   0.264	
  and	
  -­‐0.192	
  e.	
  Å-­‐3	
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